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PREFACE 
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1.0 INTRODUCTION 

The p u r p o s e  of th i s  r e p o r t  is to p r e s e n t  a concep t  a long  wi th  
suppo r t i ng  t h e o r y  for  a magnetic-guideway/guided-projectile s y s t e m  
that  has  b e e n  d e v i s e d  for  the  A E D C / V K F  A e r o b a l l i s t i c  Range  G 
(Ref.  1). The concep t  has  evo lved  out of a s o m e w h a t  b r o a d e r  e f fo r t  
to p r o v i d e  a l t e r n a t e ,  o r  "backup"  t e c h n o l o g y  to tha t  p r e s e n t l y  u n d e r  
d e v e l o p m e n t  w h e r e i n  the l aunch  sabot  is  r e t a i n e d  du r ing  f l ight  
and s e r v e s  as a shoe  fo r  m e c h a n i c a l  c o n t a i n m e n t  of the  p r o j e c t i l e  
b e t w e e n  guide  r a i l s .  The o b j e c t i v e  of e i t h e r  a p p r o a c h  is to p r o -  
v ide  a gu ided  h y p e r v e l o c i t y  v e h i c l e  tha t  wi l l  b e t t e r  enab le  s tudy  
of the ab la t ive  and e r o s i v e  e n v i r o n m e n t s  that  h i g h - s p e e d  m i s s i l e s  
and s p a c e  v e h i c l e s  of ten m u s t  s u r v i v e .  To a d e q u a t e l y  p e r f o r m  
such  s t u d i e s  in a e r o b a l l i s t i c  r a n g e s  it i s  r e q u i r e d  tha t  the  f l i gh tpa th  
be p r e d e t e r m i n e d  to e n h a n c e  data  f r o m  w a y s i d e  pho tog raphy ,  e t c . ,  
and to p r o v i d e  fo r  f l ight  into d e c e l e r a t i o n  d e v i c e s  w h e r e  the  p r o j e c -  
t i l e  can be r e t r i e v e d  fo r  pos t f l i gh t  m e a s u r e m e n t s .  P o t e n t i a l  a d v a n -  
t a g e s  to be ga ined  by use  of the  m a g n e t i c  m e t h o d  inc lude :  

1. E l i m i n a t i o n  of s l i d ing  s u r f a c e  con tac t  and a s s o c i a t e d  
w e a r ,  e r o s i o n ,  and gouging of the  shoe  and gu ideway ,  

2. E l i m i n a t i o n  o r  r e d u c t i o n  of p r o b l e m s  a s s o c i a t e d  wi th  
shock  i n t e r a c t i o n  b e t w e e n  p r o j e c t i l e  and gu ideway ,  

3. L e s s  c r i t i c a l  a l i g n m e n t  and s m o o t h n e s s  r e q u i r e m e n t s  
for  the gu ideway ,  and 

4. P e r i o d s  of e s s e n t i a l l y  f r e e  f l ight  wi th  no t r a c k  or. 
o t h e r  o b s t r u c t i o n s  to i n t e r f e r e  wi th  w a y s i d e  p h o t o -  
g raphy .  

As wi l l  be s een ,  the concep t  is c l o s e l y  r e l a t e d  to p r e s e n t l y  
a c c e p t e d  no t ions  fo r  r e p u l s i v e  m a g n e t i c  l e v i t a t i o n  and gu idance  
of g round  t r a n s p o r t  v e h i c l e s  and r o c k e t  s l e d s  (Refs .  2, 3, 4, and 
5). In t h e s e  c a s e s ,  the  d o m i n a n t  s c h e m e  c o n s i s t s  of a t t a c h i n g  
h i g h - i n t e n s i t y ,  s u p e r c o n d u c t i n g  m a g n e t s  to the v e h i c l e  and  p r o -  
v id ing  r o a d w a y s / g u i d e w a y s  of a l u m i n u m  o r  o t h e r  n o r m a l l y  con -  
duc t ive  m a t e r i a l s .  By v i r t u r e  of v e h i c u l a r  mo t ion ,  the  f i e l d s  o f  
the m a g n e t s  induce  and  r e a c t  a g a i n s t  eddy  c u r r e n t s  in the  r o a d w a y /  
gu ideway  wi th  the  r e s u l t i n g  f o r c e s  e x p e r i e n c e d  by the  m a g n e t s  
b e i n g  u s e d  fo r  l e v i t a t i o n  and gu idance .  
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The p r e s e n t  concep t  is  s i m i l a r l y  b a s e d  on m o t i o n - i n d u c e d  e l e c t r o -  
d y n a m i c  i n t e r a c t i o n  but  wi th  r e v e r s a l  in l o c a t i o n  of the  k e y  e l e m e n t s ;  
i. e . ,  the  gu ideway  p r o v i d e s  a r a n g e - l e n g t h  induc ing  f i e ld  and c o n d u c -  
t ive  m a t e r i a l  is i n t e g r a t e d  into the  p r o j e c t i l e  wi th  the  f o r c e s  it e x p e r i -  
e n c e s  be ing  u t i l i z e d  fo r  gu idance .  R e s o r t  to th is  a p p r o a c h  has  b e e n  
n e c e s s i t a t e d  in the  p r e s e n t  s i t ua t i on  b e c a u s e  of l a u n c h  c o n s i d e r a t i o n s ;  
i. e . ,  p r o j e c t i l e  v e l o c i t i e s  of i n t e r e s t  fo r  aba l a t i on  and e r o s i o n  t e s t s  
a r e  4 ,000 to 6 ,000 m / s e c  and to a c h i e v e  such  in the  VKF Range  G a 
p r o j e c t i l e  m u s t  w i t h s t a n d  a c c e l e r a t i o n s  up to 2 x 105 g ' s  in a s t a g e d  
p o w d e r - h y d r o g e n  gun. As  r e p o r t e d  in Ref.  6, s u p e r c o n d u c t i n g  m a g -  
ne t s  a r e  not  s t r o n g  enough  s t r u c t u r a l l y  to w i t h s t a n d  th i s .  The 
a l t e r n a t i v e  of p e r m a n e n t  m a g n e t s  would  not  p r o v i d e  a f i e ld  of su f f i -  
c i en t  i n t e n s i t y  and n o r m a l  e l e c t r o m a g n e t s  would  r e q u i r e  a p o w e r  
supp ly  wh ich  m a k e s  t h e m  u n s u i t e d  fo r  i n c o r p o r a t i o n  into the  p r o j e c -  
t i l e .  An e l e c t r o m a g n e t i c  gu ideway  wi th  on ly  n o r m a l l y  conduc t ive  
m a t e r i a l  in the  p r o j e c t i l e  as  p r o p o s e d  is  t e c h n i c a l l y  f e a s i b l e ,  h o w -  
e v e r ,  and i t s  p r a c t i c a b i l i t y  for  the  c a s e  of Range  G is  s t r o n g l y  
s u g g e s t e d  by the  n e a r b y  Tunne l  F p o w e r  supply  (Ref.  7). F r o m  th i s  
f l y w h e e l / i n d u c t o r  s t o r e d  e n e r g y  s o u r c e ,  p o w e r  p u l s e s  can be m a d e  
a v a i l a b l e  at c u r r e n t s  up to 10 amp  fo r  e n e r g i z a t i o n  of the  g u i d e w a y  
d u r i n g  a p r o j e c t i l e ' s  f l ight .  

2.0 SYSTEM DESCRIPTION 

As previously stated, the system concept is based on motion- 
induced electrodynamic interaction between conductive material 
that is to be deployed in projectiles and a stationary electromag- 
netic guideway that is to be provided around the desired flightpath. 
More specifically, the conductive material is to be in the form of a 
shell around the projectile's forebody and the guideway is to be such 
that as a projectile moves off course it will be exposed to increasing 
magnetic field intensity and as it moves downrange it will be exposed 
to spacewise modulations in this intensity. Because of high-frequency 
shielding effects, the forebody will appear diamagnetic to the modu- 
lations and experience forces such that its preferred position of 
equilibrium will be the guideway axis where the field is zero. These 
"positional" forces are to modify the projectile's angle of attack so 
as to enlist aerodynamic forces that are capable of maintaining 
f l ight  a long  the  gu ideway  ax is .  F l igh t  s t a b i l i z a t i o n  is a c h i e v a b l e  by 
v i r t u e  of the  fact  that  l a t e r a l  m o t i o n  of the conduc t ive  s h e l l  wi l l  be  
t h rou g h  f i e ld  n o n u n i f o r m i t i e s  such  tha t  a t t endan t  eddy  c u r r e n t  l o s s e s  
wi l l  t end  to d a m p e n  o r  r e t a r d  such  mo t ion .  
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As i n i t i a l l y  envisioned, and as  can  be  envisioned f o r  p r e s e n t  
a n a l y t i c a l  p u r p o s e s ,  the g u i d e w a y  f i e ld  is to be g e n e r a t e d  by  two 
s u p e r i m p o s e d  s e t s  of fou r  c u r r e n t s  tha t  a r e  s y m m e t r i c a l l y  o r i e n t e d  
about  the r a n g e  c e n t e r l i n e  o r  z ax is  as  shown in F ig .  1. As i n d i c a t e d ,  
one se t  is  c o m p o s e d  of r a n g e - l e n g t h  l ine  c u r r e n t s  of m a g n i t u d e  I D 
whi l e  the  o t h e r  is c o m p o s e d  of t r a n s p o s e d  l i ne  c u r r e n t  s e g m e n t s  of 
m a g n i t u d e  I p  and l eng th  , .  A l so ,  as  i n d i c a t e d ,  t h e r e  a r e  two go and  
two r e t u r n  c u r r e n t s  in e a c h  se t  wi th  t h o s e  of l i ke  d i r e c t i o n  b e i n g  
d i a g o n a l l y  oppos i t e  e a c h  o t h e r .  The m a g n e t i c  f i e ld  of the I D c u r r e n t s  
i s  i n d e p e n d e n t  of d i s t a n c e  d o w n r a n g e  as  i n d i c a t e d  in F ig .  2 w h e r e a s  
tha t  of the I p  c u r r e n t s  i s  of oppos i t e  p o l a r i t y  in a d j o i n i n g  s e g m e n t s  
as  i n d i c a t e d  in F ig .  3. 

In both  c a s e s ,  as  shou ld  be  e x p e c t e d  f r o m  the B i o t - S a v a r t  l aw ,  
a s o - c a l l e d  n u l l - f l u x  f i e ld  is  p r o d u c e d  w h o s e  i n t e n s i t y  is  s t r o n g  n e a r  
the  c u r r e n t s  and d e c r e a s e s  to a z e r o  o r  nu l l  v a l u e  at  t h e i r  ax i s  of 
s y m m e t r y .  A n t i c i p a t i n g  tha t  the I D f i e ld  wi l l  be s t r o n g e r  t han  the  I p  
f i e ld ,  the  c o m b i n e d  r e s u l t s  of I D and I p  wi l l  be a n u l l - f l u x  f i e ld  w h o s e  
i n t e n s i t y  is m o d u l a t e d  wi th  r e s p e c t  to z. L a t e r  a n a l y s i s ,  h o w e v e r ,  
w i l l  c o n s i d e r  the  two i n d e p e n d e n t l y  wi th  the  I D f i e ld  b e i n g  t r e a t e d  as  
the  m e a n s  f o r  g e n e r a t i o n  of l a t e r a l  d a m p i n g  f o r c e s  and  I p  b e i n g  
t r e a t e d  a s  the  m e a n s  fo r  g e n e r a t i o n  of l a t e r a l  p o s i t i o n a l  f o r c e s .  

I n s o f a r  as  the  p r o j e c t i l e  i t s e l f  is  c o n c e r n e d ,  the  s h a p e  and s t r u c -  
t u r e  shown in F ig .  4 have  b e e n  adop ted  fo r  i n v e s t i g a t i o n  of t h e o r e t i c a l  
s y s t e m  f e a s i b i l i t y  h e r e i n .  W h e r e a s ,  as  w i l l  be  d i s c u s s e d ,  p r o s p e c t s  
e x i s t  f o r  i m p r o v e m e n t s  f r o m  o t h e r  v i e w p o i n t s ,  th i s  c o n f i g u r a t i o n  
y i e l d s  an a g r e e a b l e  a n a l y t i c a l  m o d e l .  This  is p r i m a r i l y  b e c a u s e  the  
s h e l l  on the  f o r e b o d y  is in the f o r m  of a c y l i n d e r  and  thus  l e n d s  i t s e l f  
we l l  to e l e c t r o d y n a m i c  a n a l y s i s .  It is a l s o  to be a p p r e c i a t e d  tha t  the  
p r o j e c t i l e ' s  o v e r a l l  o u t e r  s u r f a c e  is in the f o r m  of a f l a r e d  c y l i n d e r  
(wi th  op t iona l  nose )  w h i c h  l e n d s  i t s e l f  to a e r o d y n a m i c  s t a b i l i t y  and ,  
when  in a e r o d y n a m i c  f l ight ,  d e v e l o p s  s ide  f o r c e s  as  a func t ion  of 
ang le  of a t t a ck .  M o r e o v e r ,  by  be ing  a r e l a t i v e l y  s t a n d a r d  a e r o -  
d y n a m i c  shape ,  m u c h  da ta  i s  a v a i l a b l e  f r o m  w h i c h  to p r e d i c t  f l igh t  
b e h a v i o r .  The f ac t  is  tha t ,  in the p a s t ,  u s e  of p r o j e c t i l e s  wi th  th i s  
g e n e r a l  o v e r a l l  shape  has  b e e n  c o m m o n  in b a l l i s t i c  r a n g e  w o r k .  
T h r o u g h  u s e  of s t r i p p a b l e  s abo t s  th i s  s h a p e  adap t s  we l l  to p r e s e n t  
l a u n c h  t e c h n i q u e s  and,  as  is  s e e n ,  is  qui te  f l ex ib l e  i n s o f a r  as  the  
type  of nose  t e s t  a r t i c l e  it can  c a r r y .  

9 
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3.0 ANALYTICAL DEVELOPMENT 

3.1 GUIDEWAY AND SHELL INTERACTIONS 

F o r  the p u r p o s e  of d e v e l o p i n g  t h e o r e t i c a l  a s p e c t s  of the s y s t e m  
e l e c t r o d y n a m i c s  to the point  w h e r e  gu ideway  and she l l  p a r a m e t e r s  
can  be ch o se n ,  an i d e a l i z e d ,  t w o - d i m e n s i o n a l  m a t h e m a t i c a l  m o d e l  
wi l l  be u t i l i zed ;  i. e . ,  the c y l i n d e r  is of in f in i te  l eng th  in the  
z - d i r e c t i o n ,  cond i t i ons  do not change  wi th  r e s p e c t  to z, e tc :  The 
c oncep t  be ing  p u r s u e d  is c o m p a t i b l e  with such  a m o d e l  if the  fo l lowing  
cond i t i ons  can be m e t :  

1. All  gu ideway  c u r r e n t  e l e m e n t s  that  l i e  in the z d i r e c -  
t ion a r e  long c o m p a r e d  to the r a d i a l  d i m e n s i o n  of the  
gu ideway .  D e s p i t e  the  u s e  of long  c u r r e n t  e l e m e n t s ,  
the n e e d e d  h i g h - f r e q u e n c y  e f fec t s  wil l  be  c r e a t e d  if 
p r o j e c t i l e  v e l o c i t y  is su f f i c ien t .  

2. The she l l  axis  r e m a i n s  a p p r o x i m a t e l y  p a r a l l e l  to the 
z ax is  at  a l l  t i m e s .  This  is p o s s i b l e  if in ac tua l  
f l ight  on ly  s l igh t  d e v i a t i o n s  f r o m  such  cond i t i ons  is 
r e q u i r e d  to deve lop  n e e d e d  a e r o d y n a m i c  f o r c e s  fo r  
m a i n t e n a n c e  of c o u r s e .  

3. All  eddy  c u r r e n t s  in the c y l i n d r i c a l  s h e l l  ( excep t  fo r  
t hose  in the  end s u r f a c e s  which  a r e  to be ignored )  
f low a p p r o x i m a t e l y  in s t r e a m l i n e s  p a r a l l e l  to the  
z ax i s .  This  wi l l  be r e a s o n a b l y  t r u e  when:  
(a) the v e c t o r  po ten t i a l  of t h e i r  induc ing  f ie ld ,  
i. e . ,  the  f i e ld  of the  gu ideway  c u r r e n t s ,  l i e s  in 
th is  d i r e c t i o n  ( s e e  cond i t i on  (1) above);  
(b) the  s h e l l  has  a l a r g e  l e n g t h - t o - d i a m e t e r  

ra t io ;  and 
(c) the  end wa l l s  a r e  m a d e  th ick  for  d e c r e a s e d  

oppos i t ion  to c u r r e n t  flow a c r o s s  t h e m .  

L a t e r  app l i ca t ion  of t w o - d i m e n s i o n a l  ana ly t i c a l  r e s u l t s  to 
d e s i g n  of an ac tua l  s y s t e m  wil l  d e m o n s t r a t e  that  c o m p l i a n c e  wi th  
t h e s e  cond i t i ons  is qui te  f e a s i b l e .  

3.1.1 Conditions for Diamagnetic and Damping Behavior 

The d i a m a g n e t i c  and d a m p i n g  e f f ec t s  that  a r e  to be e m p l o y e d  
a r e  both d e p e n d e n t  upon eddy c u r r e n t s  be ing  induced  in the conduc t ive  

l0 
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shell as a result of its motion through the guideway field. Diamag- 
netic behavior is synonymous with the shielding of the shell's interior 
which is achievable via such currents and is related to the inductive 
(or reactive) energy in their magnetic fields; i.e., the induced eddy 
current field required to completely nullify or cancel an inducing 
field within a body is identical to that field which would be required if 
cancellation were by induced diamagnetic polarizations. In both cases, 
positional forces exist on the body that are proportional to the change 
in induced field energy with respect to position. For the ease of the 
shell, damping, or retardation of motion, is related to the rate at 
which such energy is dissipated in the shell as joulean heat. 

Qui te  o b v i o u s l y ,  on ly  p o s i t i o n a l  and d a m p i n g  f o r c e s  tha t  ac t  in 
the  l a t e r a l  d i r e c t i o n  a r e  u s e f u l  f o r  g u i d a n c e  p u r p o s e s .  The fac t  i s ,  
h o w e v e r ,  tha t  to a c h i e v e  r a d i a l  p o s i t i o n a l  f o r c e s  by  the s c h e m e  b e i n g  
p u r s u e d  it is  not  p o s s i b l e  to avo id  a l t o g e t h e r  the d e v e l o p m e n t  of both  
p o s i t i o n a l  and d a m p i n g  f o r c e s  tha t  ac t  in the  ax ia l  d i r e c t i o n .  N o r  is 
it  p o s s i b l e  to deve lop  the d e s i r e d  r a d i a l  d a m p i n g  f o r c e s  wi thou t  
c r e a t i n g  s o m e  l e v e l  of u n d e s i r e d  p o s i t i o n a l  f o r c e s .  F o r t u n a t e l y ,  the 
ax i a l  p o s i t i o n a l  f o r c e  a c t s  f i r s t  in one  d i r e c t i o n  and then  the  o t h e r  as  
the  p r o j e c t i l e  p a s s e s  t h r o u g h  the  t r a n s p o s e d  g u i d e w a y  so as  to have  
i n s i g n i f i c a n t  ne t  e f fec t .  R ' io reover ,  as  wi l l  be  s e e n ,  it  is  p o s s i b l e  to 
c h o o s e  g u i d e w a y  and s h e l l  p a r a m e t e r s  s u c h  tha t  d e s i r e d  r a d i a l  f o r c e s  
wi l l  d o m i n a t e  t h o s e  tha t  a r e  not  d e s i r e d .  

With  i ts  r a d i u s  and l e n g t h  be ing  a and h, r e s p e c t i v e l y ,  v i s u a l i z e  
fo r  the p r e s e n t  tha t  the c y l i n d r i c a l  s h e l l  l i e s  c o n c e n t r i c  wi th  the 
z ax i s  of a c y l i n d r i c a l  c o o r d i n a t e  s y s t e m  w h e r e  po in ts  in s p a c e  a r e  
de f ined  by r ,  O, and z as  shown in F ig .  5. V i s u a l i z e  f u r t h e r  tha t  
f r o m  e x t e r n a l  s o u r c e s  t h e r e  e x i s t s  an i nduc ing  f i e ld  w h o s e  m a g n e t i c  
v e c t o r  po t en t i a l ,  -~'i, is p a r a l l e l  to the  ax is  and w h o s e  m a g n i t u d e  is 
v a r y i n g  wi th  r e s p e c t  to t i m e .  B e c a u s e  the s h e l l  is  c o n d u c t i v e ,  eddy  
c u r r e n t s  w i l l  f low w h o s e  m a g n e t i c  v e c t o r  p o t e n ~ a l  can  be r e p r e -  
s e n t e d  by  A ' .  The to t a l  i n d u c e d  e l e c t r i c  f i e ld ,  E,  is  t hen  c o m p o s e d  
of tha t  due to the  o r i g i n a l  i nduc ing  f i e ld  p lus  the  r e a c t i v e  c o n t r i b u t i o n  
of the  eddy  c u r r e n t s .  F r o m  the l aws  of i n d u c t i o n  by F a r a d a y  and 
L e n z  it c an  be  e x p r e s s e d  as  

Total inducedE= - ~- (A i + A') (1) 

w h e r e  t is  t i m e .  C u r r e n t  m u s t  then  f low a long  the s u r f a c e  in a c c o r d -  
a n c e  wi th  O h m ' s  l a w  w h i c h  can  be w r i t t e n  as  

= ,¢ (2) 

l l  
i 
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where ~ is the current density along the surface and ¢ is the area 
resistivity. Finally, in absence of displacement currents the vector 
potential and current density must be interrelated through Ampere's 
law for all points in space. With p o being the permeability of free 
space and the shell, this relationship can be expressed as 

V2A'= ~o" (3a) 

F o r  po in t s  in s p a c e  tha t  a r e  not  p a r t  of the  s u r f a c e  t h e r e  can  be no 
c u r r e n t  f low so tha t  f o r  t h e s e  po in t s  the  r e l a t i o n s h i p  r e d u c e s  to 

V 2 *  " = 0 (3b) 

E q u a t i o n s  (3a) and  (3b) w i l l  be  r e c o g n i z e d  a s  t h o s e  of P o i s s o n  and  
L a p l a c e ,  r e s p e c t i v e l y .  

R e c a l l  now tha t  in Sec t i on  3 . 0  the  r a t i o  of the  s h e l l ' s  l e n g t h  to 
d i a m e t e r  h a s  b e e n  p o s t u l a t e d  as  b e i n g  l a r g e  so  tha t  t w o - d i m e n s i o n a l  
s o l u t i o n s  fo r  the  c o n d i t i o n s  of Eqs .  (1), (2), and (3) a r e  a d e q u a t e .  
F o r t u n a t e l y ,  the  t w o - d i m e n s i o n a l  s i t u a t i o n  has  b e e n  t r e a t e d  at  s o m e  
l e n g t h  by  S m y t h e  f o r  the  c a s e  of a t i m e w i s e  - s i n u s o i d a l  i n d u c i n g  f i e ld  
(Ref .  8, p. 400). The t r e a t m e n t  e x p a n d s  the  v e c t o r  p o t e n t i a l  of both  
the  i n d u c i n g  f i e ld  and  an a s s u m e d  e d d y  c u r r e n t  f i e ld  into  a s e r i e s  of 
c i r c u l a r  h a r m o n i c s .  F o r  p o l a r  p o s i t i o n s  of r <_ a tha t  s e r i e s  o b t a i n e d  
f o r  the i n d u c i n g  f i e ld  is  

Ai(r,0,t) -- ~ ~ Cnrna'n cos (nO + ~n)cos cot 
a= I 

(4) 

where ~ is a unit vector in the z direction, n is the degree of the 
harmonic, Cn is the coefficient of the n th harmonic, 6n is the phase 
angle for the n th harmonic, and ~ is the angular frequency. Pro- 

ceeding to match boundary conditions under the assumption that each 
harmonic decays independently and exponentially, several pertinent 
solutions that were obtained in the treatment are as follows: 

i. Area density of eddy currents 

~(a,0,t) = _--~2 ~ n C n cos (nO + ~n ) cOS~n cos (cot - ~n ) 
~o a n=~ (5) 
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D m 

w h e r e  ¢n  r e p r e s e n t s  a p h a s e  l a g  b e t w e e n  A i a n d  A" a n d  is  
g i v e n  b y  

,n = t a n ' l ~ - 2  nq 7 
L~ ~o.j (6) 

2. V e c t o r  p o t e n t i a l  of  t h e  e d d y  c u r r e n t s  a t  r < a 

. 

t ~  

A'(r ,0 , t )  = - ~  ~ C rna -n c o s ,  cos  (nO + a n) cos  (cot - ,,~) ( 7 )  
n-- 1 n n 

R a t i o  f o r  t h e  n t h  h a r m o n i c  o f  t h e  v e c t o r  p o t e n t i a l  o f  t h e  e d d y  
c u r r e n t s  t o  t h a t  o f  t h e  i n d u c i n g  f i e l d  a t  r = a 

I 
i icr,o,t  I = c o s ,  ( 8 )  

4. T o t a l  v e c t o r  p o t e n t i a l  a t  r < a 

. 

. 

Ai( r ,0 , t )  + A;(r ,0 , t )  = - ~  ,~ C rna "n s i n ,  c o s ( n 0  + a n) s i n  (6it - ,n ) ( 9 )  
n= ] u n 

S h i e l d i n g  e f f e c t  of  s h e l l ;  i .  e . ,  r a t i o  o f  n th  t e r m  o f  t h e  v e c t o r  
p o t e n t i a l  i n s i d e  t h e  s h e l l  a s  o p p o s e d  to  t h a t  w i t h  t h e  s h e l l  
r e m o v e d .  

$ = = s i n ,  
n i '~in(r ,0,  t) I n (10) 

T i m e  a v e r a g e d  r e a l  p o w e r  p e r  u n i t  l e n g t h ;  i .  e . ,  t i m e  a v e r -  
a g e d  r a t e  o f  e n e r g y  d i s s i p a t e d  p e r  u n i t  s h e l l  l e n g t h  

oo 

P r e a l  = 2rr¢ (~2 a)-I  ~ n 2 C 2 cos  2 , 
n 11  n= 1 (11) 

N o w ,  in  a d d i t i o n  to  r e a l  p o w e r ,  i t  i s  i n s t r u c t i v e  to  t h i n k  in t e r m s  
of  r e a c t i v e  ( i m a g i n a r y )  a n d  t o t a l  a p p a r e n t  p o w e r .  F r o m  E q s .  (1) a n d  
(3) i t  i s  c l e a r  t h a t  t h e  p o r t i o n  of  i n d u c e d  e l e c t i c  f i e l d  a t t r i b u t a b l e  to  
r e a c t a n c e  of  t h e  e d d y  c u r r e n t s  i s  

0 A z ( a , 0 , t )  
(12) R e a c t i v e E z ( a , 0 , t )  = - a t  

13 
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A t i m e  a v e r a g e  r e a c t i v e  (or  i m a g i n a r y )  p o w e r  p e r  uni t  she l l  l eng th  
can  then  be de f ined  as  

] 2/7 a[A;(a ,O, t ) ]  
Pimag = -~ a f 0t i z (a '0 ' t )d0  

. ( 1 3 )  

C o m b i n i n g  Eqs .  (5), (7), (12), and ( 1 3 ) y i e l d s  

_ C 2 Pimag (14) n= l n n 

Combining Eqs. (Ii) and (14) 

Pn real 2¢ n 

Pn imag bto a~ 
- -  tan n (15) 

The to ta l  a p p a r e n t  p o w e r  p e r  uni t  she l l  l eng th  fo r  each  h a r m o n i c  
would  then  be 

P n total ~/Pn 2 real + p2 = n imag 

F i n a l l y ,  c o m b i n i n g  Eqs .  (15) and (16) 

(16) 

Pn real l 1 

~ / (  2rn2a2 V/1 + cot2~ Pn total #o 
4- 

492n 2 

= sin e n, = ~n (see Eq. (10)) (17) 

and 

P . irnag 1 ] 

Pn total - ~l  4g2n 2 ~ /  1 + tan2 ~n 
+ 2 2 2  " V  /~o a a) 

= cos  = 17"1/1  1 ( s e e  Eq. (s ) )  
(18) 

The  r a t i o s  Pn  r e a l / P n  to ta l ,  Pn  i m a g / P n  to ta l ,  IXnl/IXnil and 
Z n a r e  p lo t t ed  in F ig .  6 as  func t ions  of the p a r a m e t e r  poa~)(2 n ~ )-1,  
i. e . ,  - cot  e n. It shou ld  be no ted  that  as th is  c o r r e l a t i o n  p a r a m e t e r  
a p p r o a c h e s  z e r o ,  p o w e r  b e c o m e s  to t a l l y  r e a l ;  i. e . ,  m a g n e t i c  e n e r g y  

14 
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of the  eddy  c u r r e n t s  is  d i s s i p a t e d  as j o u l e a n  hea t  at  the s a m e  r a t e  i t  
i s  g e n e r a t e d .  At th is  e x t r e m e  it can  a l s o  be s e e n  tha t  the  v e c t o r  
po t en t i a l  of the  eddy  c u r r e n t s  b e c o m e s  s m a l l  as  c o m p a r e d  to tha t  of 
the  induc ing  f ie ld .  U n f o r t u n a t e l y ,  th is  i m p l i e s  c o r r e s p o n d i n g l y  low 
v a l u e s  of eddy  c u r r e n t s  so that  to d i s s i p a t e  s i g n i f i c a n t  e n e r g y  fo r  
d a m p i n g  of m o t i o n  the  induc ing  f i e ld  wi l l  n e e d  to be s t rong .  

It should  a l s o  be no ted  f r o m  Fig .  6 that  as  the  c o r r e l a t i o n  
p a r a m e t e r  b e c o m e s  l a r g e  the  p o w e r  b e c o m e s  e s s e n t i a l l y  t o t a l l y  r e -  
ac t ive  and t h e r e  is a l m o s t  p e r f e c t  s h i e l d i n g  of the  s h e l l ' s  i n t e r i o r .  
It shou ld  be u n d e r s t o o d  tha t  such  r e a c t i v e  p o w e r  r e p r e s e n t s  e n e r g y  
t r a n s f e r  to and f r o m  the  m a g n e t i c  f i e ld  of the  eddy  c u r r e n t s .  F r o m  
L e n z '  Law,  the  f lux of th i s  f i e ld  is in d i r e c t  oppos i t i on  to and t e n d s  
to c a n c e l  that  of i t s  i nduc ing  f i e ld  wi th in  the  s h e l l ,  h e n c e  the  s h i e l d -  
ing or  a r t i f i c i a l l y  d i a m a g n e t i c  ef fec t .  

F o r t u n a t e l y ,  aga in  f r o m  Fig .  6, i t  shou ld  be no ted  tha t  as  the  
c o r r e l a t i o n  p a r a m e t e r  is  i n c r e a s e d  by a f a c t o r  of a p p r o x i m a t e l y  25, 
i.  e . ,  f r o m  a va lue  of 0 .2  to 5, the  eddy  c u r r e n t  p o w e r  m o v e s  f r o m  
a p p r o x i m a t e l y  9 8 - p e r c e n t  r e a l "  to 9 8 - p e r c e n t  r e a c t i v e .  Note a l s o  
tha t  fo r  a g iven  n a l l  q u a n t i t i e s  in the  c o r r e l a t i o n  p a r a m e t e r  excep t  
a n g u l a r  f r e q u e n c y  a r e  f ixed  when  a c y l i n d r i c a l  s h e l l  is  s p e c i f i e d .  
A d v a n t a g e  is  to be t aken  of t h e s e  fac t s  in the  gu ideway  des ign .  On the  
one hand,  the  i n t e r v a l  b e t w e e n  gu ideway  t r a n s p o s i t i o n s  as shown in 
F ig .  1 wi l l  be  e s t a b l i s h e d  such  tha t  h i g h - f r e q u e n c y  eddy c u r r e n t s  wi l l  
be  i nduced  tha t  a r e  > 9 8 - p e r c e n t  r e a c t i v e ,  and s h i e l d i n g  o r  d i a m a g n e t i c  
e f f ec t s  a r e  l a r g e .  In th is  way,  n e e d e d  l a t e r a l  p o s i t i o n a l  f o r c e s  can be 
g e n e r a t e d  wi th  m i n i m u m  r e t a r d a t i o n  of ax ia l  mo t ion .  On the  o t h e r  
hand,  the  f l igh tpa th  wi l l  be  t a i l o r e d  so that  e x c u r s i o n s  a c r o s s  the g u i d e -  
way c e n t e r l i n e  wi l l  r e s u l t  in l o w e r  f r e q u e n c y  eddy  c u r r e n t s  that  a r e  
>_98-percen t  r e a l  w h e r e  d a m p i n g  e f f ec t s  d o m i n a t e .  This  wi l l  a l low 
n e e d e d  l a t e r a l  d a m p i n g  f o r c e s  to be g e n e r a t e d  with m i n i m a l  e x t r a n e o u s  
p o s i t i o n a l  f o r c e s .  

3.1.2 Diamagnetic Force Relationships 

Through  u s e  of the  p r i n c i p l e  of s u p e r p o s i t i o n ,  it is p o s s i b l e  to 
r e l a t e  the  conduc t ive  s h e l l  and the  gu ideway  f i e ld  m o d u l a t i o n s  p r o d u c e d  
by the  Ip  c u r r e n t  s e g m e n t s  of F ig .  1 i n d e p e n d e n t l y  of the  b a s i c  f i e ld  
g e n e r a t e d  by the  I D c u r r e n t s ,  and v ice  v e r s a .  T h e r e f o r e ,  c o n s i d e r i n g  
only  e f f ec t s  of the  t r a n s p o s e d  f i e ld ,  one can  v i s u a l i z e  that  as h igh -  
s p e e d  p r o j e c t i l e s  m o v e  d o w n r a n g e  t h e y  a r e  e x p o s e d  to a n u l l - f l u x  

* In t ended  to i m p l y  m a g n i t u d e s  that  a r e  98 p e r c e n t  of the  a p p a r e n t  
p o w e r .  
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f i e ld  of f i r s t  one p o l a r i t y ,  then  a n o t h e r ,  e t c .  So tha t  the  s h e l l  wi l l  
a p p e a r  d i a m a g n e t i c ,  the  f r e q u e n c y  c o m p o n e n t s  of th i s  e f f e c t i v e l y  
a l t e r n a t i n g  f i e ld  a r e  to be  s u c h  tha t  the  i n t e r i o r  of the  s h e l l ,  if 
a p p r o p r i a t e l y  d e s i g n e d ,  w i l l  be  s h i e l d e d  ( s e e  F ig .  6). 

Now, as  w i l l  be  s e e n ,  the  l e n g t h ,  ``, of the  l i ne  c u r r e n t  s e g -  
m e n t s  is  to be  qu i te  l a r g e  a s  c o m p a r e d  to t h e i r  i n d i v i d u a l  d i s t a n c e  b 
f r o m  the  r a n g e  c e n t e r l i n e  ( s e e  F i g s .  1 and 3). T h e r e f o r e ,  d u r i n g  
f l igh t ,  the  c o n d u c t i v e  s h e l l  s p e n d s  m o s t  of i t s  t i m e  b e t w e e n  t r a n s -  
p o s i t i o n s  w h e r e  a n u l l - f l u x  f i e ld  e x i s t s  w h o s e  s t r e n g t h  is  f o r  a l l  
p r a c t i c a l  p u r p o s e s  e q u i v a l e n t  to tha t  w h i c h  wou ld  e x i s t  if the  c u r r e n t  
s e g m e n t s  w e r e  of in f in i t e  l eng th .  Th i s  can  be  s e e n  t h r o u g h  a p p l i c a -  
t ion  of the  B i o t - S a v a r t  l a w  to a s i m p l e  se t  of s e g m e n t s  of a l t e r n a t e  
p o l a r i t y  w h i c h  l i e  on a s t r a i g h t  l i n e .  

C o n s i d e r  the  s i t u a t i o n  shown in F ig .  7 w h e r e  s u c h  a s e t  l i e s  on 
a z" ax i s  p a r a l l e l  to the  z a x i s .  L e t  r "  be  the  n o r m a l  d i s t a n c e  
f r o m  the  z" ax i s  to a po in t  of i n t e r e s t  and  n s t a n d  f o r  the n th s e g m e n t  
d o w n r a n g e .  F r o m  the d i f f e r e n t i a l  f o r m  of the  B i o t - S a v a r t  l aw 
(Ref .  9) the m a g n e t i c  i n d u c t i o n  a t  ( r ,  z" ) a t t r i b u t a b l e  to the n th s e g -  
m e n t  i s  

Bnth(r:z') =Ho Tx'~'" [nnZ ~ dz" 
4~ -l)`` [(z{- z')2 + (r')2] 3/2 (19) 

w h e r e  T' is  the  m a g n i t u d e  of the  c u r r e n t  s e g m e n t s .  A l lowing  f o r  r e -  
v e r s a l s  in c u r r e n t  f r o m  s e g m e n t  to s e g m e n t ,  the  i n d u c t i o n  p r o d u c e d  
by  al l  t r a n s p o s e d  s e g m e n t s  t hen  is  

BTRp(r', z) = 
~o T x ~  n+l n`` dz" (-i) , I  , ,  

4rr n=l tn-*'``[(Zl - z') 2 + (r')2] 3/2 (20) 

w h i c h  upon i n t e g r a t i o n  y i e l d s  

#ol-X'~" ~ (_i) n+ l {~/( z,-n~ . . . . . . . .  z~ - (n-l)~ 1 
BTRp(r', z') = 4rt r" n=l z{- n``) 2 + (r') 2 V~z{ - (n-l)~] 2 + (r') 2 

(21) 
In the limiting case of an infinite line current, i.e., n = i, z = ,,/2, 
and``~ ®, the summation reduces to a quantity of 2 so that, as it 

should per Ref. 10, 

/% T x?" 
BINF( " ,) r, z = 

2.," (22) 
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The r a t i o  'of t r a n s p o s e d  m a g n i t u d e  to n o n t r a n s p o s e d  m a g n i t u d e  t hen  is 

IBINF(F', Zl) l = 2n=l (z I - n~_)2 + ( , )2  ~[71 - (n - l)a] 2 + (r') 2 (23)  

A plot  of th i s  r a t i o  t r u n c a t e d  a t  n = 9 h a s  b e e n  ob t a ined  t h r o u g h  u s e  of 
a d ig i t a l  c o m p u t e r *  and is shown fo r  s e v e r a l  v a l u e s  of ~ / r "  in F ig .  8. 
F r o m  th i s  i t  shou ld  be  c l e a r  tha t  if ~/b is 15 to 20, as  i t  wi l l  be ,  t hen  
a t r a v e l i n g  p r o j e c t i l e  wi l l  s e e  the c u r r e n t  s e g m e n t s  as  e s s e n t i a l l y  
i n f in i t e  in l e n g t h  80 p e r c e n t  of the  t i m e .  The r e m a i n d e r  of the  t i m e  
is spent near transpositions where the radial and axial fields of the 
angular current segments become effective. Again, the shell sees 
alternating polarities of these at relatively high frequencies and 
therefore experiences a system of diamagnetic forces that on the 
average act repulsively toward the guideway centerline. 

In v i ew  of the  above  a r g u m e n t s ,  a r e a s o n a b l e  a p p r o x i m a t i o n  is 
tha t  the  c o n d u c t i v e  s h e l l  e x p e r i e n c e s  the s a m e  f o r c e s  as  if it  w e r e  
t r a v e l i n g  t h r o u g h  the n u l l - f l u x  f i e ld  of fou r  in f in i t e  l ine  c u r r e n t s  but  
was  d i a m a g n e t i c  to a d e g r e e  c o r r e s p o n d i n g  to the  c u r r e n t s  (and f i e ld s )  
b e i n g  s e g m e n t e d  and t r a n s p o s e d .  F o r t u i t o u s l y ,  aga in ,  a t r e a t m e n t  by 
S m y t h e  (Ref .  8, p. 309) r e l a t i v e  to the  p l a c e m e n t  of a c y l i n d e r  of 
m a g n e t i c  m a t e r i a l  wi th  p e r m e a b i l i t y  p a d j a c e n t  and p a r a l l e l  to a 
s i ng l e  s u c h  c u r r e n t  I is  a p p l i c a b l e .  With  the  r a d i u s  of the  c y l i n d e r  
b e i n g  a and  the  d i s t a n c e  f r o m  i ts  ax i s  to the  l i ne  c u r r e n t  b e i n g  
r = r 1, as  s h o w n  in F ig .  9a, the  s i g n i f i c a n t  r e s u l t s  a r e :  

. The  m a g n e t i c  v e c t o r  p o t e n t i a l  in the  r e g i o n  o u t s i d e  
the  c y l i n d e r  due to i t s  p r e s e n c e  is  the  s a m e  as  if 
the  c y l i n d e r  w e r e  r e p l a c e d  by  a p a r a l l e l  " i m a g e "  
c u r r e n t  I" l o c a t e d  b e t w e e n  I and the ax is  a t  a d i s -  
t a n c e  a 2 / r l  f r o m  the  l a t t e r ,  p lus  a c u r r e n t  of - I"  
a long  the  ax i s  as  shown in F ig .  9b. The m a g n i -  
tude  of the  i m a g e  c u r r e n t s  is  g iven  by  

l - ~ o / ~  
I - I 

1 ÷ ~ o / ~  (24) 

*See Append ix  A for  a l i s t i n g  of F o r t r a n  p r o g r a m s .  
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. The  v e c t o r  p o t e n t i a l  i n s ide  the c y l i n d e r  is the s a m e  
as  if the  c y l i n d e r  w e r e  r e m o v e d  and  I w e r e  r e p l a c e d  
b y I ' ' ,  w h e r e  

I " =  2 I 
] + ~o/~ (25)  

The  l a t t e r  r e s u l t  is  d i r e c t l y  c o m p a r a b l e  to the s h i e l d i n g  e f f ec t  
of a c o n d u c t i v e ,  c y l i n d r i c a l  s h e l l  by v i r t u e  of the  fac t  tha t ,  w i th in  i ts  
i n t e r i o r ,  the  v e c t o r  p o t e n t i a l  of an  e x t e r i o r  l i ne  c u r r e n t  I l y ing  
p a r a l l e l  to i t s  ax i s  is  the s a m e  as  if the s h e l l  w e r e  r e m o v e d  and I 
w e r e  r e p l a c e d  by  I""  w h e r e  

[ " =  $] (26) 

F r o m  E q s .  (25) and (26) t h e r e  then  is the  e q u i v a l e n c e  tha t  

= 2 

] + #o/V (27) 

Upon s o l v i n g  th i s  f o r / a o / p  in t e r m s  of 8 and  s u b s t i t u t i n g  in Eq.  (24) 
t h e r e  r e s u l t s  the  fac t  tha t  w h e n  t h e r e  is  e f f ec t i ve  s h i e l d i n g  the  v e c t o r  
p o t e n t i a l  o u t s i d e  the  c o n d u c t i v e  she l l  due to p a r a l l e l  l i ne  c u r r e r l t s  is  
the  s a m e  a s  Lf the  s h e l l  w e r e  r e p l a c e d  by i m a g e  l i ne  c u r r e n t s  I" and  
- I ' a s  s h o w n  in F ig .  9b w h e r e  

I' = (~  - 1) l ( 2 8 )  

The  f o r c e  p e r  un i t  l e n g t h ,  F ,  on the  c y l i n d e r  is  t hen  the  s a m e  as  
the  s u m  of tha t  w h i c h  would  be e x e r t e d  on the  two i m a g e  c u r r e n t s  by  
the  f i e ld  of the  o r i g i n a l  c u r r e n t ,  i . e . ,  

= - r "  x B l ( O , O )  + £" x B i ( a 2 / r l ,  O) 

F r o m  Eq.  (22), wi th  r "  b e i n g  a p p r o p r i a t e l y  r e p l a c e d ,  
i n d u c t i o n  of I at  the  po in t s  of i n t e r e s t  a r e  

B ] ( 0 ,  0 )  = 
~o T x ? 

(29) 

the  m a g n e t i c  

2~, l (30) 

18 



AE DC-T R - 7 6 - 1 4 9  

and 

~oT×'~t rl f B l ( a  2 , r  1, O) ~ 2 - -  2 
~r 1 " (31) 

In c o n j u n c t i o n  wi th  a p p r o p r i a t e  v e c t o r  i d e n t i t i e s  c o m b i n a t i o n  of 
E q s .  (28) t h r o u g h  (30) y i e l d s  f i na l l y ,  f o r  the  f o r c e  p e r  uni t  l eng th  on 
the  c y l i n d e r  

m 

F = 
g o i ° a 2 ( ~ -  l ~ r  

2rrr](r~ - .,2) (32) 

B e c a u s e  $ is  r e l a t i v e l y  n e a r  z e r o  fo r  the  d i a m a g n e t i c  c a s e ,  it is  
s e e n  tha t  the f o r c e  is  d i r e c t e d  oppos i t e  to ~, i . e . ,  a w a y  f r o m  the  
o r i g i n a l  c u r r e n t  I. A plot  of F v e r s u s  r 1 is g iven  in F ig .  10. 

F o r  the s i t ua t i on  of i n t e r e s t  h e r e i n ,  i . e . ,  f ou r  l ine  c u r r e n t s  of 
equa l  m a g n i t u d e  s u r r o u n d i n g  the  c y l i n d e r ,  the i m a g e  c u r r e n t s  a r e  as  
shown in F ig .  11. Note  tha t ,  b e c a u s e  of equa l  m a g n i t u d e  Ip  and 
equa l  q u a n t i t i e s  of go and r e t u r n  c u r r e n t s ,  t h e r e  is c o m p l e t e  c a n c e l -  
l a t i o n  of i m a g e s  l o c a t e d  on the c y l i n d e r  ax i s .  H o w e v e r ,  fo r  e a c h  l i ne  
c u r r e n t  I n at d i s t a n c e  rn  f r o m  the ax is  t h e r e  is a c o r r e s p o n d i n g  i m a g e  
I" n- tha t ,  as  b e f o r e ,  l i e s  a d i s t a n c e  a 2 / r n  away  f r o m  the ax i s  t o w a r d  
I n . With r a d i a l  and a n g u l a r  p o s i t i o n  of the c y l i n d e r  ax is  be ing  deno ted  
by $ and /3, r e s p e c t i v e l y ,  c a r t e s i a n  c o o r d i n a t e s  x n and Yn of the l i ne  
c u r r e n t s  have  b e e n  t aken  to be 

Xl = b Yl = 0  

x 2 = 0 Y2 = b 

x 3 = - b Y3 = 0 
(33) 

x 4 = 0 Y4 = - b  

By t r i a n g u l a t i o n ,  c o o r d i n a t e s  of the i m a g e s  then  b e c o m e  

x l ,  = ~ c o s f i  + 

x 2"  = ~ c o s / 3  - 

a2(b - '~ cos/~) 

~ 2  + b 2 - 2 ~ b  c o s / 3  

a2'~ co../3 
~ 2  + b 2 _ 2 '~b s i n  /3 

Y l "  = ~ s in  /3 - 
n2'~ s in  /~ 

~ 2  + b 2 _ 2 ~ b  co~/3 

a2(b - '~ s ,n  /3) (34) 
y 2 ,  = ' ~ s i n / 3  + 

$2 + ~2 _ 25h .,,~/3 

x 3"  = ~ COS /3 -- 
a2(b  + ~ c o s  /3) 

~2 + b 2 + 2~b cos /~ 
Y3" = '~ s i n  f i  - 

,~2 + b2 + 2'~b c o s  
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x 4 ,  = ~{ COS~ - Y4" = ~ sin/8 - 
a2(b + ~ sin]~) 

~2 + b 2 + 2~b sin/~ 
(34) 

The m a g n e t i c  f o r c e  p e r  uni t  l e n g t h  e x p e r i e n c e d  by the  c y l i n d e r  is  
the  s a m e  as  tha t  wh ich  would  be  e x p e r i e n c e d  by the  four  i m a g e  c u r r e n t s  
in  the  c o m b i n e d  f i e ld s  of t he  o r i g i n a l  l i ne  c u r r e n t s  and  can  be w r i t t e n  as  

FM = ~ (_].)n" i'p x Bi(xn"Yn ~ 
n'--I 

(35) 

Now f r o m  Ref.  11 

B i (Xn,,Yn~ = V x  Ai(x,  y)lxn,,Yn, (36) 

and 

4 
Ai(x ' y) /I°IP Z ( - I )  n In "n 

= 2---'~ n=l ( 3 7 )  

where 

a n =  V~x - Xn)2 + (y - yn) 2 (38) 

A A 

Also, for this two-dimensional case with i and j being unit vectors in 
the x and y direction, respectively, 

OA z A aA z ^ 

~ ' x  ~ ( x , y )  - Oy i - T ,  J ( 3 9 )  

so that 

' I ,n'-Yn - Xn'-'n P°IP nZl ( - | ) n  )2 i - - 
Bi(xn"Yn ") = ~ = iXn._ X n ) 2 + ( y n , _ Y n  (Xn ' -  Xn)2+{yn , -Yn)  2 

(40) 
T h r o u g h  c o m b i n a t i o n  of th i s  r e s u l t  wi th  Eqs .  (28) and  (35) t h e r e  r e -  
s u i t s  fo r  f o r c e  p e r  uni t  l eng th  on the  c y l i n d e r  
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FM (6 - 1) 
4 , 4 ~ Yn'--  Yn ,,,,, 
Z (-1) n Z (-1) n i 

n'--I n=l l(Xn" Xn )2 + (Yn'- Yn )2 

(Xn, - Xn)2 (41) + (Yn'-  Yn )2 

Thi s  can  be r e s o l v e d  into r a d i a l  and a n g u l a r  c o m p o n e n t s  by t ak ing  dot 
p r o d u c t s  wi th  uni t  v e c t o r s  so d i r e c t e d ,  i. e . ,  

and 

FM$ = FM " ~ (42) 

- -  A 

FM/3 = FM ' /3 ( 4 3 )  

w h e r e  

A #t~ 

= i cos/3 + j s in/3 

and 

(44) 

A ~ A 

fl = i s in/3 - j cos/3 ( 4 5 )  

The r e s u l t i n g  c o m p o n e n t s  a r e  

FM,.~ = ~/'t°I2 (5 - l) ~ (_l)n ~ (_l)n ( Y n ' -  __Yn ) . . . . .  cos/3 - (x n , -  x n) sin/3 

2rt n'=l n=l (Xn'- Xn)2 + (Yn'-- Yn )2 (46) 

and 

P.oI2(s  4 , 4 { ( y n , -  yn) s in f l  _ (Xn,_ Xn) COS/3} ( 4 7 )  FMfl -- 2--'-~-- - 1) ~ ( - l )  n ~ (-1) n . . . . .  
n n=l (Xn'- Xn)2 + (-~n'- Yn )2 

These equations, in conjunction with Eqs. (33) and (34), have been 
n o r m a l i z e d  wi th  r e s p e c t  to b and  s o l v e d  at  v a r y i n g  p o s i t i o n s  u s i n g  a 
d ig i ta l  c o m p u t e r .  $ The r e s u l t s  f o r  v a r i o u s  v a l u e s  of a / b  a r e  shown  
in  F ig .  12 f o r  r a d i a l  f o r c e s  and Fig .  13 fo r  a n g u l a r  f o r c e s .  

*A l i s t i n g  of the  F o r t r a n  p r o g r a m  is  i n c l u d e d  in Append ix  A. 
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It should  be no t ed  f r o m  F ig .  12 tha t  fo r  a / b  _< 0 .2  the r a d i a l  
f o r c e s  fo r  a l l  B can be a p p r o x i m a t e d  by a s i ng l e  s t r a i g h t  l ine  if 
~ / b  <__ 0 . 3 .  It is  a l so  to be no ted  f r o m  F ig .  13 tha t  fo r  th is  concii t ion 
the a n g u l a r  f o r c e s  r e m a i n  z e r o  fo r  a l l  p r a c t i c a l  p u r p o s e s .  T h e r e -  
f o r e ,  f o r  th i s  cond i t i on  the p o s i t i o n a l  f o r c e s  a r e  p u r e l y  r a d i a l  and it 
is  p o s s i b l e  to de f ine ,  f o r  l a t e r  u s e  in d e v e l o p m e n t  of f l ight  e q u a t i o n s ,  
a l i n e a r  p o s i t i o n a l  f o r c e  c o e f f i c i e n t  K M such  that  

SstSh 
KM = ~ (48) 

w h e r e  h d e n o t e s  the  l e n g t h  of the c o n d u c t i v e  she l l .  When us ing  the 
s lope  of the  s t r a i g h t  l ine  a p p r o x i m a t i o n  on the n o r m a l i z e d  c u r v e s  
th i s  b e c o m e s  

K M b 2 x slope (49) 

In s u m m a r y ,  the  s lope  of t h e s e  n o r m a l i z e d  v a l u e s  is shown in F ig .  14 
as  a func t ion  of the  r a t i o  a / b .  U s e  of t h e s e  r e s u l t s  i s ,  of c o u r s e ,  
s t r i c t l y  va l id  on ly  when  the  p o s i t i o n  of the p r o j e c t i l e  is  such  tha t  the 
r a t i o  ~l/b is  <__ 0 .3  and the  r a t i o  a / b  is  <__ 0 . 2 .  With d i s c r e t i o n ,  u s e  
b e y o n d  t h e s e  l i m i t s  can  o b v i o u s l y  be p e r m i t t e d .  

t 

An a l t e r n a t i v e  w h i c h  would  be a d v a n t a g e o u s  in th i s  r e g a r d  would  
be  to g r a d u a l l y  s p i r a l  the f ie ld  m o d u l a t i o n  c u r r e n t s  of F ig .  1 in l i eu  
of m a k i n g  s u d d e n  t r a n s p o s i t i o n s .  One c o m p l e t e  s p i r a l  e a c h  44 would  
g ive  the  n e e d e d  f u n d a m e n t a l  f r e q u e n c y  fo r  e f f ec t i ng  d i a m a g n e t i c  b e -  
h a v i o r .  Such  s p i r a l  would  be  so g r a d u a l  tha t  fo r  any  z the c u r r e n t s  
and t h e i r  f i e ld  would  aga in ,  f o r  a l l  p r a c t i c a l  p u r p o s e s ,  be two-  
d i m e n s i o n a l .  To a t r a v e l i n g  p r o j e c t i l e ,  the r a d i a l  f o r c e s  e x p e r i e n c e d  
would  t end  to be an a v e r a g e  of r a d i a l  f o r c e s  for /3  v a r y i n g  f r o m  0 to 2v. 
Th i s  would  r e s u l t  in the  r a d i a l  f o r c e s  be ing  a p p r o x i m a t e d  by a s i ng l e  
s t r a i g h t  l i n e  fo r  l a r g e r  v a l u e s  of ~ /b  than  would  be  the c a s e  fo r  the 
p r e v i o u s  t r a n s p o s e d  s y s t e m .  F o r  e x a m p l e ,  in the c a s e  d e p i c t e d  in 
F ig .  12a the  s t r a i g h t  l i ne  a p p r o x i m a t i o n  fo r  the  s p i r a l e d  f i e ld  shou ld  
be  va l id  a t  l e a s t  f o r  ~ / b  = 0 . 4 .  

3.1.3 Damping Force Relationships 

C o n s i d e r  now the i n t e r a c t i o n s  wh ich  o c c u r  b e t w e e n  the  c o n d u c -  
t ive  s h e l l  and  the  f i e ld  of the n o n t r a n s p o s e d  c u r r e n t s  of F ig .  2. F i r s t  
of a l l  it  is  to be  no ted  tha t  if the s h e l l ' s  m o t i o n  is  s t r i c t l y  p a r a l l e l  to 
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the  z ax i s  it wi l l  s e n s e  no c h a n g e s  in the  m a g n e t i c  f i e ld  to w h i c h  it is  
e x p o s e d .  H e n c e ,  once  e q u i l i b r i u m  p e n e t r a t i o n  is  e s t a b l i s h e d ,  no eddy  
c u r r e n t s  wi l l  be  i n d u c e d  and t h e r e  wi l l  be no i n t e r a c t i o n s .  H o w e v e r ,  
it is  c l e a r  t ha t  l a t e r a l  m o t i o n  o r  r o t a t i o n  wi l l  r e s u l t  in the  s h e l l  be ing  
n o n u n i f o r m l y  e x p o s e d  to c h a n g i n g  a m o u n t s  of f lux so tha t  eddy  c u r r e n t s  
wi l l  be i n d u c e d .  T h e s e  a r e  to be u t i l i z e d  f o r  the  p u r p o s e  of d a m p i n g  
o s c i l l a t o r y  f l igh t  e x c u r s i o n s  a c r o s s  the  r a n g e  c e n t e r l i n e .  ~" In th i s  
c a s e ,  as  s t a t e d  e a r l i e r ,  t a i l o r e d  f l ight  is  r e q u i r e d  so  tha t  eddy  c u r r e n t  
p o w e r  wi l l  be e s s e n t i a l l y  r e a l  (>__98 p e r c e n t  r e a l ,  s e e  F ig .  6). O t h e r -  
w i s e ,  s h i e l d i n g  wi l l  o c c u r  and  r a n d o m l y  o r i e n t a t e d  p o s i t i o n a l  f o r c e s  
wi l l  be  i n t r o d u c e d .  

As  the f i r s t  s tep  t o w a r d  r e l a t i n g  d a m p i n g  f o r c e s  to o t h e r  p a r a m -  
e t e r s ,  the d i s t r i b u t i o n  of eddy  c u r r e n t s  in a c y l i n d r i c a l  s h e l l  a r i s i n g  
out  of r e l a t i v e  m o t i o n  wi th  r e s p e c t  to a s i n g l e  p a r a l l e l  l i n e  c u r r e n t  
I D wi l l  be  found.  S u p e r p o s i t i o n  wi l l  t hen  be  u s e d  to ob ta in  the so lu t i on  
f o r  the  c a s e  of f o u r  such  l i ne  c u r r e n t s  in the  n u l l - f l u x  a r r a n g e m e n t  of 
i n t e r e s t .  F r o m  th i s ,  the  p o w e r  to j o u l e a n  h e a t i n g  of the s h e l l  w i l l  be 
ob t a ined  and f i n a l l y  r e l a t e d  to r e t a r d a t i o n  o r  d a m p i n g  of i t s  r a d i a l  
and a n g u l a r  m o t i o n .  

Now c o n s i d e r  the  p o s i t i o n  of a s t r e a m l i n e  on the  s u r f a c e  of the  
c y l i n d e r  to be  s p e c i f i e d  by p o l a r  c o o r d i n a t e s  a, ~b and  the p o s i t i o n  of 
the  l i ne  c u r r e n t  to be  s p e c i f i e d  by  r l ,  e l ,  both  as  shown in F ig .  15. 
A l s o ,  c o n s i d e r  the end  s u r f a c e  of the  c y l i n d e r  to be  h i g h l y  c o n d u c t i v e  
so tha t  e a c h  is i s o p o t e n t i a l  at e l ( t )  and  ¢2(t) ,  r e s p e c t i v e l y ,  as  shown.  
Next ,  i n s o f a r  as  s u r f a c e  c o n d i t i o n s  a r e  c o n c e r n e d ,  it  is  to be r e c a l l e d  
f r o m  F ig .  6 tha t  fo r  p o w e r  >_ 9 8 - p e r c e n t  r e a l  the  m a g n e t i c  v e c t o r  
p o t e n t i a l  of the eddy  c u r r e n t s  is  r e l a t i v e l y  s m a l l  in c o m p a r i s o n  to tha t  
of the_ induc ing  f i e ld .  M o r e o v e r ,  the p h a s e  ang le  ¢ b e t w e e n  the  i n d u c i n g  
f i e ld  Ai ,  and the f i e ld  A" of the eddy  c u r r e n t s  is  s u c h  tha t  t h e i r  v e c t o r  
s u m  d i f f e r s  l i t t l e  in m a g n i t u d e  f r o m  that  of the  i nduc ing  f i e ld  A i a l one .  
H e n c e ,  f o r  the  s i t u a t i o n  of i n t e r e s t ,  on ly  the  l a t t e r  n e e d  be c o n s i d e r e d  
i n s o f a r  as  so lv ing  fo r  eddy  c u r r e n t  m a g n i t u d e s  and d i s t r i b u t i o n  is c o n -  
c e r n e d .  

R e t u r n i n g  to F ig .  15, the  to ta l  e l e c t r i c  f i e ld  a long  any  z - d i r e c t e d  
s t r e a m l i n e  of the  c y l i n d e r ' s  s u r f a c e  is tha t  i n d u c e d  a long  th i s  l i ne  p lus  
tha t  c a u s e d  by  c h a r g e  a c c u m u l a t i o n s  and can  be  w r i t t e n  fo r  the  two 
d i m e n s i o n a l  c a s e  as  

;:=As would result from positioned forces alone. 
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- -  aAD(,,, ~ ,  t) 
E(a, ~b, t) = at + [02(0 Ol(t)] '~ - 

(50) 

so that  f r o m  O h m ' s  Law the  c u r r e n t  d e n s i t y  is  

"~(a, ~, t) = -~ at + [02(0 - 01 (t)] ~ 
(51) 

w h e r e  f is a r e a  r e s i s t i v i t y ,  h is  the c y l i n d e r  l eng th ,  and AD is  the 
m a g n e t i c  v e c t o r  p o t e n t i a l  of I D. F r o m  Ref.  12, the  v e c t o r  po t en t i a l  
can  be e x p r e s s e d  as  

~tD(a, ~ ,  t) = - -#° ID ln V/r 2 + a 2 - 2a t  I cos(~b - 0 i) + C 1 
( 5 2 )  

with  the  a r g u m e n t  of In b e i n g  the  d i s t a n c e  f r o m  the  s t r e a m l i n e  of 
i n t e r e s t  to  the  l i n e  c u r r e n t  and wi th  C1 b e i n g  an a r b i t r a r i l y  l a r g e  
cons t an t .  Upon subs t i t u t i on  of th i s  into Eq.  (51) and  d i f f e r e n t i a t i o n  
wi th  r e s p e c t  to t i t he  t h e r e  r e s u l t s  

~ ( a ,  ~ ,  t) = . . . . . . . . . .  Po I D [ r l  - a cos  (¢  - 0 ] ) ]  d r ] / d t  - ar l s i n  (¢  - O l )dOl /d t  

2n ' f  a 2 + r 2 - 2a r  I c o s ( ~ -  0 l) 

O2(t) -- Oi ( t )  
+ 

¢h 

(53) 
In c o n j u n c t i o n  wi th  the  fac t  tha t  ~ has  only  z c o n p o n e n t s ,  an obvious  
b o u n d a r y  cond i t ion  is  tha t  t h e r e  can  be  no ne t  f low of c u r r e n t  pas t  
the  c y l i n d e r  ends ,  i . e . ,  

ft . ._ 

a f2 ~(a, ¢,, t)d¢, = 0 ( 5 4 )  
O 

A f t e r  s u b s t i t u t i n g  fo r  ~ (a,  $ , t )  f r o m  Eq.  (53), i n t e g r a t i o n  of Eq.  (54) 
l e a d s  to the  r e s u l t  tha t  

0 2 ( 0  -- Ol ( t )  /-tol D dr 1 

h 2 n r  I dt ( 5 5 )  

Upon r e t u r n i n g  th i s  r e s u l t  to  Eq.  (53) and m a n i p u l a t i n g ,  the  d i s t r i -  
bu t ion  of eddy  c u r r e n t s  a t t r i b u t a b l e  to one l i n e  c u r r e n t  b e c o m e s  
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B 

g o l D  
"~(a, q~, t) -- 

2rt q 

t a t  1 cos  (~  - 01) - a 2 dr 1 

r l [ a 2  + r~ -- 2 ar 1 c o s  (6  -- 01)] dt ( 5 6 )  

ar 1 sin (~b - 01)  d.O01~ 

a 2 + r 2 - 2 a t  1 c o s  (6  - 0) dt~ 

In g e n e r a l i z e d  f o r m  fo r  the  n th of s e v e r a l  l i n e  c u r r e n t s  th i s  b e -  

6) kt°-ID ~rfn[a ; r n  c o s  (~b . . . . .  - 0 n) - a 2 dr n 7(a, 6, 
' - 2rr¢ + r2n - -  2arn c o s  (q~ - On)l dt 

(57) 
ar n sin (6  - 0 n) d0n~ 

- -  a 2 + r 2 -- 2ar n c o s  ( ¢  - O n ) - ~ )  

comes 

F o r  the  s i t u a t i o n  of i n t e r e s t  w h i c h  is fou r  l i ne  c u r r e n t s  of equa l  
m a g n i t u d e s  and a l t e r n a t e  d i r e c t i o n s  as  shown in F ig .  16, the  to ta l  
c u r r e n t  d e n s i t y  can  t hen  be  w r i t t e n  as  

4 t arn c ° s ( ¢  - On) : a2 d r  " ~ a ,  d~, t) g ° I D  ~' ( -1 )  n -1  
' = 2,'r---~- n=l  rn[a2 + r 2 -- 2ar  n co._ (6  -- On)] dt 

ar n sin (¢  - O n ) 

a2 + r2n - 2ar  n c o s  (¢  - 0 n) 

do } (58) 

Again ,  as  i n d i c a t e d ,  the  C a r t e s i a n  c o o r d i n a t e s  of the  l i ne  c u r r e n t s  
a r e  t a k e n  to be (b ,0 ) ,  (0 ,b ) ,  ( - b , 0 ) ,  and ( 0 , - b ) .  With  the c y l i n d e r ' s  
r a d i a l  and a n g u l a r  p o s i t i o n s  b e i n g  ~ and ~, t h e r e  t hen  e x i s t s  in 
a d d i t i o n  to Eq.  (58) the  g e n e r a l i z e d  g e o m e t r i c  r e l a t i o n s h i p s  tha t  

rn = V/b2 + , ~ 2  2,~bcos(n- 1 ~ _ fl) (59) 
\ 2 

and  

On - 2 ¢r + s m  s in  ~ - (60) 

D i f f e r e n t i a t i o n  of t h e s e  wi th  r e s p e c t  to t i m e  l e a d s  to the  f u r t h e r  
g e n e r a l i z e d  r e l a t i o n s h i p s  tha t  

d r  n - b c o s  k 2 d~ b sin rr - d/~ 

dt r n - ~  r n dt (61) 
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a n d  

dO n f2n sin / V  rt - ~ ) -  ~ s in( '~ # - ~)~ - b c°'q C-'~rt - ~~d~_~ t 
dt = r 2 fr'2 ~2  . i n  2 ¢ n - ]  

n V n . . . .  rt - ~)  2 

f ~ r2 c°s('~2217 : ~/ - ~2b s i n2 (~ r r -  ~I d~ 

. . . . . .  i 
( 6 2 )  

N o w  r e c a l l  t h a t  t h e  r a d i a l  a n d  a n g u l a r  c o m p o n e n t s  of  t h e  s h e l l ' s  
ve loc i ty  a r e  

d~ 
V~R- dt ( 6 3 )  

a n d  

v/3 ~ d~ = a-; ( 6 4 )  

Upon substituting these  into Eqs.  (61) and (62), the resu l t s  into 
Eq. (58), and regrouping,  the total eddy current  distribution resul t ing  
from the four currents  b e c o m e s  

Y. ( -1 )a " l  [ ~n (a, b, r, ~ , /3 ,  6 ,  ~ ) V ~  ~T(a,  6,  t) - 2n¢ n=l 

(65) 

w h e r e  

9: 
n 

n-1 
Jar n cos(~ - O n ) - a2][~ - bcos(--~u - ~)l 

r2r 2 a 2 ntrn + - 2ar n cos(~b - On)] 

.--1 at n s in  (~b - O n ) s in  ( - ~ - l r  - ~) 
n.--1 

[rn 2 + a 2 -- 2ar n cos (¢ -- On)]trn 2 -- ~{2 sin 2 (_.~._~. -- ~)]lA 

+ 

n--l 9~ ~.  (¢ - 0 . )  ~ i .  ("-]2 ~ - / 3 ) [ ~ R  - b ~ o ~  ( ~ - .  - ~)] 

~-] _/~]'/, rn[r_ 2 + a 2 - 2 ar n c o s ( ~  - On)]Jr2 -- ~ 2  sin2 ( ._~_t t  
(66) 
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and 

gn = 

[ %  ¢o.. (¢ - 0.) - .2l [ -b <.  ("-1 ,~ - /~)] 
2 

2 2 a 2 

- ( - T "  - fl) 

+ - _ (~ - ]  _ fl)]'/~ [ 2  a 2 -- 2at  n cos((b On)] [ t2  9{2 s in2  T "  

n-I fl) 
~ a b  s ,n  (6 - On) s i n2  ( ~ -  r, - 

, [ 2  2 2 . r .  cos(¢ o r 2 ~2 "-~ + - - .)l[ ,, - ,~,,2 ( T "  - fl)l''~ 
(67) 

Now the p o w e r  d i s s i p a t e d  as j o u l e a n  hea t  p e r  un i t  c y l i n d e r  l e n g t h  

is  

277 -- 

e = .¢  f [ -y (a .¢ .O]2d¢  
o 

If V~ is  z e r o ,  tha t  p o w e r  p e r  un i t  l e n g t h  a t t r i b u t a b l e  to Vg 
becomes 

( 6 8 )  

2 2 
avoi  D f2~[ 4 " 2 2 ~_])n-1 ~ ( a .  b, r, :~ fl, 6, 0)x~] 

P ' ~ V -  4 2q o n=l ( 6 9 )  

]But th i s  p o w e r  is  d e r i v e d  f r o m  m e c h a n i c a l  m o t i o n  w h e r e  the  i n c r e -  
m e n t a l  w o r k  p e r  un i t  l eng th  is  

&3.~ v = I,'X~ ~ 45 = - F s v $  ( 7 o )  

with  F$  M b e i n g  the  i m p l i e d  m e c h a n i c a l  f o r c e  a c t i n g  r a d i a l l y  p e r  un i t  
l e n g t h  a g a i n s t  a r e t a r d i n g  o r  d a m p i n g  f o r c e  F ~ .  The i n s t a n t a n e o u s  
p o w e r  o r  r a t e  of doing m e c h a n i c a l  w o r k  p e r  un i t  l e n g t h  is  then  

ah' _ v $  ~ - r S x , $  
PSv  - d~ T = ( 7 1 )  

Now, fo r  l a t e r  c o n v i e n c e ,  r a d i a l  and a n g u l a r  m a g n e t i c  d a m p i n g  
c o e f f i c i e n t s  a r e  de f i ned  s u c h  tha t  

KMD~ = lV~ h V.~ -1 {72) 
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and 

K~IDfl = I:fl h Vfl 1 (73) 

E q u a t i n g  Eqs .  (69) and (71) and c o m b i n i n g  wi th  Eq. (72) r e s u l t s  
f ina l ly  in 

2 o 4 
ah/% li- ) f2~r[ ~ (_l)n_ 1 .,j:n(a, b. r. ',~,/3, ~b, 0~] 2 d¢ 

KMD~ = 4n2~ o n=l (74) 

By s e t t i n g  V R equa l  to z e r o ,  the  a n g u l a r  d a m p i n g  c o n s t a n t  is ob ta ined  
in a s i m i l a r  way wi th  the r e s u l t  that  

KM Dfl = 
4n 2 q 

f~[  4 (_])n--I ~n (a  ' b. r, ~ ,  ~ .  6 ,  0)12 d¢ 
o rt=-- ] 

(75) 

T h e s e  equa t ions  have  b e e n  n o r m a l i z e d  with r e s p e c t  to "b"  and 
s o l v e d  wi th  a d ig i ta l  computer ; : '  for  the s a m e  p o s i t i o n s  as b e f o r e  in the 
t r e a t m e n t  of d i a m a g n e t i c  f o r c e s .  S u r p r i s i n g l y ,  fo r  any  g iven  pos i t i on ,  
KMD ~ and KMDfl a r e  equal .  N o r m a l i z e d  r e s u l t s  fo r  both a r e  shown 
in F ig .  17. It is to be noted  that  wi th in  the p r e v i o u s  l i m i t s  e s t a b l i s h e d  
for  l i n e a r i z a t i o n  of p o s i t i o n e d  f o r c e s ,  i . e . ,  a / b  <_ 0 .2  and ~ /b  <_ 0 . 3 ,  
the  d a m p i n g  c o e f f i c i e n t s  a r e  e s s e n t i a l l y  c o n s t a n t s  that  a r e  i n d e p e n d e n t  
of 8 as  r e q u i r e d  fo r  a l i n e a r  d a m p i n g  t e r m  in the equa t ions  of m o t i o n  
to be d e v e l o p e d  l a t e r .  In e i t h e r  the p o s i t i o n a l  o r  d a m p i n g  s i t ua t i ons  
a c h o i c e  of l a r g e r  l i m i t s  would  not be u n r e a l i s t i c .  In s u m m a r y ,  t h e i r  
n o r m a l i z e d  va lue  is p lo t t ed  v e r s u s  the r a t i o  a / b  in Fig.  18. 

3.2 FLIGHT DYNAMICS 

F o r  s i m p l i c i t y ,  the fo l lowing  d e v e l o p m e n t  wi l l  a s s u m e  f l ight  to be 
conf ined  to a u-z  p lane  of s y m m e t r y  which  p a s s e s  t h rough  both  the 
p r o j e c t i l e  ax i s  and the gu ideway  c e n t e r l i n e  (z axis) .  This  a s s u m p t i o n  
is  j u s t i f i e d  on the  b a s i s  that  the p r o j e c t i l e  is to be a body of r o t a t i o n  
and the  gu ideway  d e s i g n  is to be such  that  m a g n e t i c  p o s i t i o n a l  f o r c e s  
a r e  a l m o s t  t o t a l l y  r a d i a l .  Any a n g u l a r  c o m p o n e n t s  a r e  su f f i c i en t l y  
s m a l l  that  t h e i r  e f fec t  on d i s p e r s i o n  of the  p r o j e c t i l e  f r o m  the  gu ide -  
way c e n t e r l i n e  should  be neg l i g ib l e .  A m e a n s  of v i s u a l i z i n g  t h e i r  
e f fec t  is  to i m a g i n e  r e l a t i v e l y  s low r o t a t i o n  of the  p lane  of s y m m e t r y  
about  the z ax is .  

*A listing of the Fortran program is included in Appendix A. 
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W i t h i n  t h e  p l a n e  of  s y m m e t r y  7 w i l l  b e  u s e d  to  d e n o t e  t h e  a n g l e  
b e t w e e n  t h e  z a x i s  a n d  t h e  v e l o c i t y  v e c t o r  V of  t h e  p r o j e c t i l e ' s  Cg 
( c e n t e r  of  g r a v i t y ) ,  c~ w i l l  d e n o t e  t he  p r o j e c t i l e ' s  a n g l e  of  a t t a c k  w i t h  
r e s p e c t  to  V, a n d  ~ w i l l  d e n o t e  t h e  d i s p e r s i o n  of  t h e  Cg f r o m  t h e  
z a x i s  ( a l l  s h o w n  in  F i g .  19). S t i l l  w i t h i n  t h i s  p l a n e ,  t h e  a e r o d y n a m i c  
l i f t  a n d  d r a g  f o r c e s  w i l l  b e  c o n s i d e r e d  to  a c t  t h r o u g h  an  a s s u m e d  
c e n t e r  of  a e r o d y n a m i c  p r e s s u r e  c a d i s t a n c e  I a f t  of  c , a n d  the  P g 
m a g n e t i c  p o s i t i o n a l  a n d  d a m p i n g  f o r c e s  w i l l  b e  c o n s i d e r e d  to  a c t  
t h r o u g h  a n  a s s u m e d  c e n t e r  of  m a g n e t i c  p r e s s u r e  c M a d i s t a n c e  £M 
f o r w a r d  of  Cg. 

R e c a l l  a l s o  f r o m  F i g s .  12, 13, a n d  17 t h a t  t h e  d e s i g n  c a n  b e  
s u c h  t h a t  t he  m a g n e t i c  p o s i t i o n a l  f o r c e s  w i l l  b e  a l i n e a r  f u n c t i o n  of  
d i s t a n c e  f r o m  t h e  z a x i s  w i t h  t h e  m a g n e t i c  d a m p i n g  f o r c e s  b e i n g  a 
l i n e a r  f u n c t i o n  of  t h e  r a t e  t h i s  d i s t a n c e  c h a n g e s .  A d d i t i o n a l l y ,  t h e  
a l l o w a b l e  a n g l e s  of  a t t a c k  a r e  to  b e  s m a l l  so  t h a t  a e r o d y n a m i c  l i f t  
a n d  d a m p i n g  c a n  b e  a s s u m e d  l i n e a r  f u n c t i o n s  t h e r e o f  w i t h  d r a g  a n  
i n d e p e n d e n t  l i n e a r  f u n c t i o n  of  v e l o c i t y  a l o n e .  T h e n  a t  f i x e d  v e l o c i t y  
w i t h i n  t he  a n t i c i p a t e d  o p e r a t i n g  c o n d i t i o n s  t h e  e q u a t i o n s  of  m o t i o n  
c a n  b e  a s s u m e d  to  b e  l i n e a r  a n d  w i l l  b e  so  t r e a t e d .  

3.2.1 Equations of Motion 

R e f e r r i n g  a g a i n  to  F i g .  19, t h e  s u m  of ~ f o r c e s  a c t i n g  on t h e  
p r o j e c t i l e  m u s t  b e  z e r o  so  t h a t  f o r  s m a l l  ~ a n d  7 one  c a n  w r i t e  

d 2 
M ~ - q SbClaa  - KM['~ + ~M (a + Y)] + qSbCDoY - KMD[(d~/dt) + ~M (da/dt)] = 0 (76) 

dt 2 

where previously unmentioned parameters :IV[ and Sb are projectile 
• . • I 2 i h  mass and base area respectwely, q is dynamlc pressure (~pV w t 

p being density of the working gas), and CL~ and CDO are the aero- 
dynamic lift and drag coefficients, respectively. 

Additionally, the sum of moments about Cg must be zero so that 

one can also write 

j d2(a + y) ~ (CLa CDO)a 2qSbr~Cm ~ V -1 + qSb + - d--~" 
dt 2 

f t _ K~IfM[ ~ + ~M(a + ×)] - K~i~M[¢d ~ dr)+ fM(da/dt)] = 0 (77) 
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w h e r e  J a n d  r b a r e  p r o j e c t i l e  m o m e n t  o f  i n e r t i a  a n d  b a s e  r a d i u s ,  
r e s p e c t i v e l y ,  a n d  C m ~  i s  t h e  a e r o d y n a m i c  d a m p i n g  c o e f f i c i e n t .  

T h e  a n g l e  V a n d  i t s  d e r i v a t i v e  c a n  b e  e l i m i n a t e d  f r o m  E q s .  (76)  
a n d  (77)  b y  t h e  a p p r o x i m a t i o n  f o r  s m a l l  a n g l e s  t h a t  

y = V -I d__9 
dt (78) 

U p o n  d o i n g  t h i s ,  t h e  L a p l a c e  t r a n s f o r m a t i o n  o f  t h e  r e s u l t i n g  e q u a t i o n s  
h a s  m a d e  i t  p o s s i b l e  t o  c o m b i n e  a n d  s o l v e  a l g e b r a i c a l l y  f o r  b o t h  ~ a n d  

i n  t e r m s  o f  t h e  c o m p l e x  q u a n t i t y  s w i t h  t h e  r e s u l t  t h a t  

s(s) = 

[(D 6 + V),j o]s 3 + [(DsV - D 2 + D8)9 o + (D 6+ V)~o]S 2 

- [(D2D 5 - D 4 + DID6)9 o - D6Vd o - D 8 Va o + D ~ o -  D6~o - D84o]S 

+ [(D4D 5 - DIDs)~o - (D4D 6 + D2Ds)a o + (D4~ o + D8~ o + DsVjo)] 

a n d  

a ( ~ )  = 

[(D 6 + %9s 4 + [D 8 + DsV - D2]s3 + [(De - D2D 5 - D7V - DID6]s2 

+ [D4D 5 + D2D 7 - D3D 6 - D1Ds]s - [D3D 8 + D4D 7] 

[(D6 + V)ao]S3 + [~o - D'2xo + Vao + D5'~o + DsVao - D7t~o] s2 

+ [(Dl~ o - DID6a o + D:# o + D~o- D2D5ao + DsV&o- OT~o-D7Vao]s 

- [D3D6a ° - DiD7,#o - D3~ o - D3D5% + D7~ o - D2DTa o + DTVa o] 

(79)  

[(D 6 + V)]s 4 + [D 8 + DsV - D~s 3 + [(D 4 - D2D 5 - 

+ [D4D s + D2D 7 - D3D 6 - DIDs]s - [D3D 8 + D4D 7] 

D7V - D1D6]s2 

(8o) 

w h e r e  t h e  s u b s c r i p t  " o "  d e n o t e s  t h e  i n i t i a l  c o n d i t i o n ,  t h e  s u p e r s c r i p t s  
• a n d  . .  d e n o t e ,  r e s p e c t i v e l y ,  t h e  f i r s t  a n d  s e c o n d  d e r i v a t i v e s  w i t h  
r e s p e c t  t o  t i m e  a n a  

O 1 = [KM£ ~ + K~ID£MV]J -1 

D 2 = [2q,Sbr~Cnx i + KMD£~tV]J'I 

D 3 _- KM[~t V j-1 

O 4 = V[qSb~(CLa + COO)- KM£~]J -1 

D 5 = [qSbCDO - KM~ - KMDV]M-IV -I 

D 6 = KMDfMM -I 

D 7 = KM M-I 

D 8 = [qSbCLa + KMI~M]M -1 

(81) 
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N o t e  t h a t  t h e  d e n o m i n a t o r s  o f  E q s .  (79) a n d  (80) a r e  i d e n t i c a l  q u a r t i c s  
a n d  t h a t  t h e  n u m e r a t o r s  a r e  c u b i c s  w h o s e  d i f f e r e n c e  l i e s  in  t h e  c o e f f i -  
c i e n t s  of  t h e  p o w e r s  o f  s .  L e t t i n g  t h e  r o o t s  o f  t h e  q u a r t i c  b e  R1 ,  R 2 ,  
R3 ,  a n d  R 4 ,  a g e n e r a l  e x p r e s s i o n  f o r  E q s .  (79) o r  (80) i s  

f(s) -- 
a s  3 + ~ s  2 + ~ s + d  

$ ( s - R 1 ) ( s - R  2 ) ( s - R  3 ) ( s -  R 4) (82) 

where, for brevity, 
cients. Upon'application ol Heaviside's Expansion Theorem (Ref. 
an equivalent expression in terms of partial fractions is 

4, ~, 4, a, a n d  ~ a r e  u s e d  in p l a c e  o f  t h e  c o e f f i -  
13) 

K 1 X 2 X 3 X 4 
f(~ = - -  + ~  + + 

s -  R l s -  R 2 s -  R 3 s -  R 4 (83)  

where 

3 (  = t ( s - a ) f ( s ) } ~ = . ~  (84)  

i o e . ,  

~n = 

( S - R n ) { a R 3  n + gR2 n + ~Rn + d} 

$ ( s - l t  1 ) ( s -  R 2 ) ( s - R 3 ) ( s - R  4) 
s=R n (85) 

A n  i n v e r s e  t r a n s f o r m a t i o n  of  E q .  (83)  y i e l d s  f i n a l l y  t h a t  in  t h e  
t i m e  d o m a i n  

4 
f(O = ~E X nexp(RnO 

n= l (86) 

R e c a l l  t h a t  t h i s  i s  a g e n e r a l  s o l u t i o n  w h i c h  i s  a p p l i c a b l e  t o  s o l v i n g  
E q s .  (79)  o r  (80) f o r  ~(t) o r  cdt) .  

Unfortunately, the solution does not yield a general expression 
for the roots of the quartic. It has been necessary therefore to re- 
sort to numerical techniques and the digital computer as a means of 
obtaining their value for each set of chosen parameters. At the same 
time the computer has also been used to determine the values of K I, 
K2, K S, K4, and finally to yield a timewise solution for both ~ and ~. 
A listing of the Fortran program is included in Appendix A. 
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3.2.2 Discussion of Roots 

In g e n e r a l ,  as  m i g h t  be  e x p e c t e d  f r o m  the  p h y s i c s  of the  p r o b l e m ,  
the  f o u r  r o o t s  h a v e  b e e n  found to c o n s i s t  g e n e r a l l y  of two p a i r s  of 
c o m p l e x  c o n j u g a t e s .  One p a i r  r e p r e s e n t s  an o s c i l l a t i o n  tha t  e x i s t s  
p r i m a r i l y  b e c a u s e  of a e r o d y n a m i c  f o r c e s .  The  s e c o n d  p a i r ,  w h o s e  
v a l u e  is  a l s o  i n f l u e n c e d  g r e a t l y  by  a e r o d y n a m i c s ,  a r i s e s  when  m a g -  
n e t i c  g u i d a n c e  is  a d d e d  wh ich ,  to a c e r t a i n  ex t en t ,  m o d i f i e s  the f i r s t  
p a i r .  The  i n t e r r e l a t i o n  is  i n v o l v e d  and a c l e a r  s e p a r a t i o n  has  not  
b e e n  m a d e .  

A d e s i g n  m e t h o d o l o g y  w h i c h ' w o u l d  a l l o w  d i r e c t  d e t e r m i n a t i o n  of 
unknown  p a r a m e t e r s  f r o m  i n i t i a l l y  s p e c i f i e d  r o o t s  m i g h t  p o s s i b l y  be  
d e v e l o p e d  in the f u t u r e .  The m e a n s  of a c h i e v i n g  th i s  wou ld  be  t h r o u g h  
u s e  of the r o o t s  to f o r m  a q u a r t i c  as  in the  d e n o m i n a t o r  of Eqs .  (79) 
and (80). The  m e t h o d o l o g y  would  c o n s i s t  of a s y s t e m a t i c  m e a n s  of 
a d j u s t i n g  p a r a m e t e r s  to y i e l d  e q u i v a l e n t  c o e f f i c i e n t s  f o r  a l l  p o w e r s  
of S. 

4.0 RANGE "G" CORRELATION AND IMPLEMENTATION 

The fo l lowing  p r e l i m i n a r y  a d a p t a t i o n  of the c o n c e p t  to the V K F  
Range  G is  fo r  d e m o n s t r a t i o n  p u r p o s e s  only ,  is  l i m i t e d  in s c o p e ,  and 
is  not  to be t a k e n  as  f ina l .  

'4.1 BASIC PHYSICAL PARAMETERS 

To m i n i m i z e  s c a l i n g  to a c t u a l  r e e n t r y  s i t u a t i o n s ,  it  i s  g e n e r a l l y  
p r e f e r r e d  tha t  t e s t s  in a e r o b a l l i s t i c s  r a n g e s  be p e r f o r m e d  on the  
l a r g e s t  p o s s i b l e  s c a l e .  T o w a r d  th i s  end  a b a s e  d i a m e t e r  of 
5 .08  x 10 -2 m wi l l  be a s s u m e d  fo r  the p r o j e c t i l e  p r o p o s e d  h e r e i n .  
Th i s  is a p p r o x i m a t e l y  the l a r g e s t  tha t  can  be  a c c o m o d a t e d  by  the  
6 .35  x 10 -2 m b o r e  of the Range  G l a u n c h e r  in v i ew  of the fac t  tha t  
d u r i n g  l a u n c h  the  p r o j e c t i l e  is  to be s u r r o u n d e d  by a sabo t  w h i c h  
s u b s e q u e n t l y  s e p a r a t e s .  The c y l i n d r i c a l  p o r t i o n  of the p r o j e c t i l e ,  
and h e n c e  the  d i a m e t e r  of the c o n d u c t i v e  s h e l l ,  wi l l  be a s s u m e d  to 
be o n e - h a l f  the b a s e  d i a m e t e r ,  i . e . ,  2 .54  x 10-2 m.  The l e n g t h  of 
the  s h e l l  wi l l  t hen  be t aken  as  fou r  t i m e s  i ts  d i a m e t e r ,  i . e . ,  
1 .016 x 10 -1 m.  This  is a r e a s o n a b l e  c o m p r o m i s e  b e t w e e n  a d e s i r e  
on the  one hand fo r  a s m a l l  l e n g t h - t o - d i a m e t e r  r a t i o  to w i t h s t a n d  
l a u n c h  l o a d s ,  and a d e s i r e  on the  o t h e r  hand fo r  a l a r g e  l e n g t h - t o -  
d i a m e t e r  r a t i o  so as  to be  c o m p a t i b l e  wi th  the p r e v i o u s l y  d e v e l o p e d  
t h e o r y .  
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T h e  l a u n c h  p a c k a g e  a s  p r e s e n t l y  e n v i s i o n e d  f r o m  t h e  a b o v e  i s  
d e p i c t e d  in F i g .  20. A s  i n d i c a t e d ,  t h e  m a g n e t i c  f o r c e s  a r e  a s s u m e d  
to  a c t  a t  t h e  m i d p o i n t  o f  t h e  c o p p e r  s h e l l .  " A l s o ,  a s  i n d i c a t e d ,  i t  i s  
p r e s u m e d  t h a t  t h r o u g h  u s e  of  a p p r o p r i a t e  f l a r e  a n g l e ,  f l a r e  l e n g t h ,  
d e p l o y m e n t  of  m a t e r i a l ,  e t c . ,  t h e  p r o j e c t i l e ' s  c e n t e r  of  g r a v i t y  w i l l  
b e  p l a c e d  a s u i t a b l e  d i s t a n c e  ~M b e h i n d  a n d  t h e  c e n t e r  of  a e r o d y n a m i c  
p r e s s u r e  a s u i t a b l e  d i s t a n c e  ~ s t i l l  f u r t h e r  b e h i n d  t h e  s h e l l ' s  m i d -  
p o i n t .  F o r  t h e  p u r p o s e s  o f  t h i s  s t u d y ,  t h e s e  d i s t a n c e s  o r  m o m e n t  
a r m s  w i l l  b e  t a k e n  to  b e  

a n d  

= 9.525 x lO-3m 
(87)  

[M = 1.905 x lO'2m 

P e r h a p s  s u r p r i s i n g l y ,  t h e  i n f l u e n c i n g  f a c t o r  i n s o f a r  a s  c h o i c e  o f  
g u i d e w a y  p a r a m e t e r s  i s  c o n c e r n e d  d e r i v e s  f r o m  t h e  s a b o t .  T h i s  i s  
b e c a u s e  t h e  f i r s t  30 m of  p o s t l a u n c h  f l i g h t  i s  t h r o u g h  a s o  c a l l e d  
" b l a s t  c h a m b e r "  w i t h i n  w h i c h  s a b o t  s e p a r a t i o n  a n d  d e s t r u c t i o n  o c c u r s .  
B e c a u s e  i t  w o u l d  o t h e r w i s e  i n t e r f e r e  w i t h  t h i s  e v e n t ,  a s  w e l l  a s  s u s -  
t a i n  d a m a g e ,  t h e  l o g i c a l  b e g i n n i n g  of  t h e  g u i d e w a y  s h o u l d  be  i m m e d i -  
a t e l y  d o w n s t r e a m  of  t h e  b l a s t  c h a m b e r  e x i t .  A t  t h i s  p o i n t ,  b a s e d  on  
a l m o s t  t e n  y e a r s  o f  G - r a n g e  h i s t o r y ,  a 5 . 0 8  x 10 -2 m d i s p e r s i o n  o f  
t h e  p r o j e c t i l e  a w a y  f r o m  t h e  g u i d e w a y  c e n t e r l i n e  m u s t  be  a s s u m e d .  
U p o n  a d d i n g  to  t h i s  t h e  b a s e  r a d i u s  o f  t h e  p r o j e c t i l e  a n d  a n  a l l o w a n c e  
f o r  t h e  c o n d u c t o r s  n e e d e d  to  c a r r y  g u i d e w a y  c u r r e n t s ,  t h e  m i n i m u m  
a l l o w a b l e  c h o i c e  f o r  t h e  g u i d e w a y  d i m e n s i o n  b ( s e e  F i g .  1"1) i s  
8 . 8 9  x 10 -2 m .  T h i s  v a l u e  w i l l  b e  u t i l i z e d  h e r e i n .  N e x t ,  f r o m  F i g .  8 
i t  i s  s e e n  t h a t  a g o o d  c h o i c e  f o r  t h e  l e n g t h  ~ of  g u i d e w a y  t r a n s p o s i t i o n s  
i s  17 t i m e s  t h i s  v a l u e  o f  b o r ,  r o u n d e d  of f ,  1 . 5  m .  

R e t u r n i n g  n o w  t o  t h e  p r o j e c t i l e  i t s e l f ,  t h e  d e s i g n  v e l o c i t y  i s  t a k e n  
to  b e  6 , 0 0 0  m / s e c .  T h e  e f f e c t i v e  f u n d a m e n t a l  a n g u l a r  v e l o c i t y  of  t h e  
s p a c e w i s e  m a g n e t i c  f i e l d  m o d u l a t i o n s  t h e n  b e c o m e s  

co = 2vV(2a) "1 = 12,560 radians"sec (88)  

T h i s ,  in  c o n j u n c t i o n  w i t h  t h e  c o r r e l a t i o n  p a r a m e t e r  of  F i g .  6, e n a b l e s  
d e t e r m i n a t i o n  o f  r e q u i r e d  s h e l l  a r e a  r e s i s t i v i t y .  
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As s e e n  in F ig .  6, a r e a s o n a b l e  c o m p r o m i s e  i n s o f a r  as  c o n c e r n s  
d i a m a g n e t i c  b e h a v i o r  of the c o n d u c t i v e  s h e l l  is  w h e r e  the eddy  c u r r e n t s  
a r e  9 8 - p e r c e n t  r e a c t i v e  and w h e r e  $ has  a v a l u e  of 0 . 2 2 .  At th i s  
po in t  the  c o r r e l a t i o n  p a r a m e t e r  h a s  a v a l u e  of 4 . 5 ,  i . e . ,  

~o a a ~ ( 2 n ¢ ) - I  = 4 . 5  ( 8 9 )  

Now,  f r o m  Ref .  8 (p. 299), the  v e c t o r  p o t e n t i a l  at  p o l a r  c o o r d i n a t e s  
r ,  0 a t t r i b u t a b l e  to a l i n e  c u r r e n t  l y i n g  p a r a l l e l  to the  z ax i s  a t  
r o ,  0o can  be  e x p r e s s e d  in t e r m s  of c i r c u l a r  h a r m o n i c s  as  ( s e e  F ig .  15) 

Az(r ,O)  g ° I z  [ In  r o - - ( r / r o ) n  ( c o s  n {9 0 c o s  nO + s i n  nO o s i n  n O] 
= 2 , ,  . 1 ( 9 0 )  

A l s o ,  as  s t a t e d  e a r l i e r ,  b e c a u s e  the  s h e l l  i s  of f in i t e  l e n g t h ,  the  n e t  
f low of c u r r e n t  p a s t  i t s  ends  m u s t  be  z e r o .  H e n c e ,  f o r  the  p o s t u l a t e d  
t w o - d i m e n s i o n a l  s i t u a t i o n ,  any  i n d u c e d  e l e c t r i c  f i e ld  a t t r i b u t a b l e  to the  
t i m e  d e r i v a t i v e  of the  t e r m  " ln  t o "  of Eq.  (90) w i l l  be  i n e f f e c t i v e  in 
p r o d u c i n g  e d d y  c u r r e n t s .  Al l  w h i c h  e x i s t  m u s t  t h e r e f o r e  be a t t r i b u -  
t a b l e  to the  t i m e  d e r i v a t i v e  of the  i n d i c a t e d  s u m m a t i o n .  Upon d i f -  
f e r e n t i a t i o n  of the  l a t t e r  it  b e c o m e s  c l e a r  f r o m  i n s p e c t i o n  tha t  if 
r o i s  s o m e w h a t  l a r g e r  t han  r the  n = 1 t e r m  d o m i n a t e s .  H e n c e ,  by  
v i r t u e  of the  f ac t  tha t  d u r i n g  f l igh t  the  d i s t a n c e  b e t w e e n  the  p r o j e c t i l e  
ax i s  and  any  of the l i ne  c u r r e n t  s e g m e n t s  of F i g s .  1 o r  3 is  to be  
m a i n t a i n e d  r e l a t i v e l y  l a r g e *  as  c o m p a r e d  to a l l  r <_ a, it is  s e e n  tha t  
the  c o r r e l a t i o n  p a r a m e t e r  n e e d  on ly  be c o n s i d e r e d  fo r  the  v a l u e  n = 1. 
Upon s u b s t i t u t i n g  th i s  v a l u e  fo r  n a long  wi th  the  p r e v i o u s l y  e s t a b l i s h e d  
v a l u e s  fo r  a and ¢0 into Eq .  (89) and so lv ing  f o r  a r e a  r e s i s t i v i t y  t h e r e  
r e s u l t s  

q = 2 . 2 2 7  x 10 "5 o h m s  (91) 

A s s u m i n g  the  s h e l l  to be  o x y g e n - f r e e ,  h igh  c o n d u c t i v i t y  c o p p e r  w i th  a 
v o l u m e  r e s i s t i v i t y  of p = 1. 724 x 10 -8 o h m - m ,  the  i m p l i e d  s h e l l  
t h i c k n e s s  is 

w = - P - =  7 . 7 4  x 1 0 - 4 m  
¢ (92) 

F o r  p r e v i o u s l y  s t a t e d  r e a s o n s ,  the  t h i c k n e s s  of the  end  w a l l s  w i l l  be  
t a k e n  at  t w i c e  th i s  va lue .  

Al l  d i m e n s i o n s  a r e  now de f ined  tha t  a r e  n e e d e d  f o r  c a l c u l a t i n g  
the  m a s s  and  m o m e n t  of i n e r t i a  of tha t  p o r t i o n  of the  s h e l l  (wi th  i t s  

* F r o m  t h r e e  to s e v e n  t i m e s  g r e a t e r .  
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L e x a n  ® i n t e r i o r )  which  l i e s  f o r w a r d  of the  p r o j e c t i l e ' s  Cg. The to ta l  
m a s s  and  m o m e n t  of i n e r t i a  of the  p r o j e c t i l e  a r e  s i m p l y - t w i c e  the  
r e s u l t  p lus  an  a l l o w a n c e  fo r  a n o s e  p i e c e .  Upon us ing  8 .89 x 103 and 
1.19 x 103 k g / m  3 fo r  the  d e n s i t y  of c o p p e r  and Lexan ,  r e s p e c t i v e l y ,  
t h e r e  r e s u l t s  fo r  the  p r o j e c t i l e  to t a l s  

and 

M = 1.65 x 10 -1 kg 

J = 3.0 x 10 -4 k g -  m 2 

(93) 

4.2 GUIDEWAY CURRENTS 

F o r  the  p u r p o s e  of th is  p r e l i m i n a r y  c o r r e l a t i o n  to the  G r a n g e  
the  fo l lowing  a e r o d y n a m i c  c o e f f i c i e n t s  a r e  b e l i e v e d  to be a d e q u a t e  
and  wi l l  be  u t i l i z e d  th roughou t  

CDO = 0.3 

CLa = 1.1 

Cmd = -2 .0  

(94) 

Only flights in air at atmospheric pressure and at one-half atmos- 
pheric pressure will be considered. For these, the corresponding 
densities are taken to be 1. 1767 and 0. 5883 kg/m 3, respectively. 

4.2.1 Current Magnitude 

For the particular dimensions, shielding ratio, and area 
resistivity established above, is is found through use of Figs. 
and 18 that 

14 

K M = - 8 . 0  × 10-71~ 

and 

KMD = - 3 . 3  x l o - l ° I  2 
(95) 
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Upon i n s e r t i o n  of p r o p e r  c u r r e n t  l e v e l s  the  r e s u l t i n g  v a l u e s  of KM 
and  KMD , in c o n j u n c t i o n  wi th  v a l u e s  of the  o t h e r  p a r a m e t e r s  as  
h a v e  now b e e n  e s t a b l i s h e d ,  f o r m  the  input  da ta  fo r  the  c o m p u t e r  
p r o g r a m s  m e n t i o n e d  in Sec t .  3 . 2 . 1 .  D i s p e r s i o n  (~) of the  m o d e l  
about  the  r a n g e  c e n t e r l i n e  and i ts  ang le  of a t t a c k  (a) as  f u n c t i o n s  
of d o w n s t r e a m  p o s i t i o n  as  w e l l  as  r o o t s  of the  c h a r a c t e r i s t i c  
equa t ion  of E q s .  (79) and  (80) can  be  c o m p u t e d .  

B e i n g  p r i m a r i l y  i n f l u e n c e d  by  the  c u r r e n t  r a t i n g  of the  Tunne l  " F "  
g e n e r a t o r s  (Ref .  7) the a u t h o r s  have  c h o s e n  105 a m p  as  b e i n g  an 
a p p r o p r i a t e  I D and I p  m a g n i t u d e  f o r  d e m o n s t r a t i o n  of the  c o n c e p t .  
F o r  such  m a g n i t u d e s  Eq.  (95) y i e l d s  

and  
K M = - 8  x 103N/m 

KMD = -3.3N - sec/m 

(96) 

In i t i a l  c o n d i t i o n s  f o r  the  c o m p u t e d  e x a m p l e s  to be p r e s e n t e d ,  i. e . ,  ~o, 
so ,  and  Yo, a r e  in a l l  c a s e s  t a k e n  to be 5 .08  x 1 0 - ~ m  and 1 x 10 -2 and  
1 x 10 -3 r a d i a n s ,  r e s p e c t i v e l y .  R e s u l t s  fo r  an a t m o s p h e r i c  c a s e  in the  
e x i s t i n g  r a n g e  l e n g t h  of 300 m a r e  d e p i c t e d  in F ig .  21 wh i l e  F ig .  22 
d e m o n s t r a t e s  the  e f fec t  of r e d u c i n g  d e n s i t y  to tha t  f o r  o n e - h a l f  of a t m o s -  
p h e r i c .  The b e h a v i o r  of ~ and a as  d e p i c t e d  in the  f i g u r e s  is  in a g r e e -  
m e n t  wi th  the  d e s i r e d  e f f ec t ,  and the  r o o t s  a r e  in a c c o r d  wi th  e x p e c -  
t a t i ons  b a s e d  on the  t h e o r y  of c o n t r o l s .  

In F i g s .  23 and 24 the v e l o c i t y  is r e d u c e d  to 4 ,500  m / s e c  wi th  an 
a t t e n d a n t  shif t  in s h i e l d i n g  r a t i o  and a c c o r d i n g l y  a change  in m a g n e t i c  
p o s t i o n a l  f o r c e  c o n s t a n t  to 

K M = 6.154 N/m (97) 

KMD is not s i g n i f i c a n t l y  a l t e r e d  s i n c e  i ts  m a g n i t u r e  is not  d e p e n d e n t  
on v e l o c i t y  t h r o u g h  the t r a n s p o s e d  (or  m o d u l a t e d )  f i e ld .  All  o t h e r  
v a r i a b l e s  r e m a i n  as  in the p r e v i o u s  two e x a m p l e s ,  and F ig .  23 d e p i c t s  
the a t m o s p h e r i c  and F ig .  24 the o n e - h a l f  a t m o s p h e r i c  c a s e .  Aga in ,  
r e s u l t s  a r e  g r a t i f y i n g  and g u i d a n c e  is d e m o n s t r a t e d .  

The effect of varying the levels of I D and Ip can be seen in Figs. 25 
and 26 where an atmospheric and a one-half atmospheric case similar 
to those of Figs. 21 and 22 have been computed except using an 

increased I D of I. 25 x 105 amp. It is apparent that the reduction in 
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e r r o r  f r o m  t h e  i n i t i a l  v a l u e  f o r  b o t h  ~ a n d  c~ i s  g r e a t e s t  w i t h  t h i s  m o d i -  
f i c a t i o n .  R e a s o n s  f o r  p r e s e n t i n g  t h e  o t h e r  e x a m p l e s  in  w h i c h  I D a n d  
I p  a r e  t h e  s a m e  w i l l  b e c o m e  c l e a r  in  a f o l l o w i n g  s e c t i o n .  

F i g u r e s  21 t h r o u g h  26 e x h i b i t  s i g n i f i c a n t  r e d u c t i o n  of  i n i t i a l  e r r o r  
w i t h  a n y  of  t h e  a b o v e  m e n t i o n e d  s e t s  of  p a r a m e t e r s ,  i . e . ,  u s e  o f  t h e s e  
s e t s  of  p a r a m e t e r s  r e s u l t s  in g u i d e d  f l i g h t .  I t  s h o u l d  be  e m p h a s i z e d  
h e r e  t h a t  t h e s e  r e s u l t s  a r e  in  m a r k e d  c o n f l i c t  w i t h  a n y  u n g u i d e d  c a s e  
w h e r e  f o r  t h e  a s s u m e d  i n i t i a l  c o n d i t i o n s  ~ w o u l d  h a v e  a t t a i n e d  a v a l u e  
o f  0 . 3 5 m  a t  a d i s t a n c e  of  300 m d o w n r a n g e .  

I t  s h o u l d  b e  n o t e d  h e r e  t h a t  t h e  d i s t a n c e  b e t w e e n  e x c u r s i o n s  a c r o s s  
t h e  r a n g e  c e n t e r l i n e  i s  a m i n i m u m  of  45 m w h i c h  c o m p a r e s  t o  a 1 . 5 - m  
t r a n s p o s i t i o n  l e n g t h .  T h e r e f o r e ,  a s  d e s i r e d ,  e d d y  c u r r e n t s  i n d u c e d  
b y  t h e  n o n t r a n s p o s e d  f i e l d  h a v e  a f r e q u e n c y  m o r e  t h a n  20 t i m e s  l o w e r  
t h a n  t h o s e  r e s u l t i n g  f r o m  v e l o c i t y  t h r o u g h  t h e  t r a n s p o s e d  f i e l d  a n d  
a r e  > _ 9 8 - p e r c e n t  r e a l ,  a s  d e s i r e d .  

A final point that should be made is that the range length is also 

an important parameter. Note that if this were increased, with all 
other parameters remaining fixed, the initial error would be further 
reduced. To illustrate, if the error is reduced to one-fifth its original 

value in a 300-m range it would be reduced to a twenty-fifth of its 
original value in a 600-m range. Hence, application to longer ranges 
is encouraging from this viewpoint. 

4.2.2 Implementation 

Although not specifically stated, the establishment in Section 4.1 

of the guideway dimension b (see Fig. 2) as 8.87 x 10 -2 m includes an 

allowance for conductors of diameter 2.54 x 10 -2 m to carry the 
guideway currents. This diameter, in conjunction with the b dimension 
and a guideway length of 300 m are the basis of the calculated induct- 
anee and resistance values that are used in the following development. 

Because of the transposition all tendencies for mural inductance 
between the Ip and I D currents of Fig. 1 cancel when overall guide- 
way length is considered. Hence, with reference to Figs. I, 2, and 

16, the energy stored inductively in the basic guideway field of the 

I D currents alone can be written as 

~t~BF(,n,O = 4['/2(L~..lf ] - 2Lm,,t I-2 + Lm.t 1-3~I2D ] (98) 
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w h e r e  L s e l f  1 is the  s e l f  i n d u c t a n c e  of e a c h  of the  c o n d u c t o r s  and  
L m u t  1-2 and L m u  t 1-3 is the  mu tua l  i nduc t ance  b e t w e e n  d iagona l  
and a d j a c e n t  c o n d u c t o r s ,  r e s p e c t i v e l y .  B a s e d  on w o r k i n g  f o r m u l a e  
3 and 7 of G r o v e r  (Ref.  14), a p p r o x i m a t e  va lue s  of se l f  and m u t u a l  
i n d u c t a n c e  fo r  the  a f o r e m e n t i o n e d  d i m e n s i o n s  a r e  

L s e l f  1 = 6.01 x 10-4h 

Lmut I-2 = 4.48 x 10-4h 

Lmut 1-3 = 4.27 x 10-4h  (99) 

Upon su b s t i t u t i on  into Eq.  (98), t h e r e  r e s u l t s  fo r  i nduc t ive  e n e r g y  in 
the  I D f i e ld  

~BF(md) = 2.64 x 10 .4 I~ (100) 

Al though  c o n s i d e r a t i o n  of t r a n s p o s i t i o n s  would  r e s u l t  in a s l i g h t l y  
h i g h e r  va lue ,  the  e f f ec t ive  s e l f  and mutua l  i n d u c t a n c e s  of the  c o n d u c t o r s  
f o r  the Ip  c u r r e n t s  wi l l  be  t aken  to be equal  to t h o s e  for  I D. U s i n g  
n o m e n c l a t u r e  of F ig .  11, then  the  induc t ive  e n e r g y  of the t r a n s p o s e d  
f ie ld  is 

~TF(ind)  = 2.64 x 10 .4 12 (101) 

Tota l  i nduc t ive  gu ideway  e n e r g y  is then  

~GW(ind) = ~BF(ind) + ~'TF(ind) = 2.64 x 10-4(I~) + I~,) (102) 

F o r  I D and Ip  of 10 5 amp  as u s e d  in 4 . 2 . 1  above  the  i nduc t i ve  e n e r g y  
in the  gu ideway  f i e ld  would  be 

~GW(ind) = 5.28 x 106 j  (103) 

Th i s  f i e ld  e n e r g y  l e v e l  coup led  wi th  c u r r e n t  l e v e l s  of 10 5 amp  and the  
fac t  tha t  the  gu ideway  n e e d  only  be e n e r g i z e d  fo r  a p p r o x i m a t e l y  0 .1  s e c *  
s u g g e s t s  the u t i l i z a t i o n  of the n e a r b y  f l y w h e e l / i n d u c t o r  e n e r g y  s t o r e  
p o w e r  supp ly  fo r  the  VKF Tunne l  F (Ref.  7). A p p r o x i m a t e l y  4 x 10 8 J 
is  a v a i l a b l e  f r o m  i ts  f l y w h e e l - d r i v e n ,  a cyc l i c  g e n e r a t o r s  at  10 6 a m p  
and 90 v, o r  at  5 x 10 5 amp  and 180 v; or  f r o m  i ts  s t o r a g e  i nduc to r ,  

*The  t i m e  r e q u i r e d  fo r  a p r o j e c t i l e  to t r a v e l  the  gu ideway  l eng th ,  
p lus  c o n t i n g e n c y  t i m e .  
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10 8 J i s  a v a i l a b l e  a t  10 6 a m p  up to  2 x 104 v. H o w e v e r ,  u n l e s s  s e c t i o n -  
a l i z a t i o n  i s  u t i l i z e d  a s  w i l l  b e  d i s c u s s e d  b e l o w ,  o r  u n l e s s  c o n d u c t o r s  
a r e  u t i l i z e d  a t  c r y o g e n i c  t e m p e r a t u r e s ,  a n d  s p a c e  r e q u i r e m e n t s  f o r  
t h e r m a l  i n s u l a t i o n  d i s c o u r a g e s  t h i s ,  o v e r a l l  g u i d e w a y  r e s i s t a n c e  w i l l  
no t  a l l o w  e i t h e r  a p p r o a c h .  If i t  i s  of c o p p e r  a t  r o o m  t e m p e r a t u r e ,  
r e s i s t a n c e  of a s i n g l e  c o n d u c t o r  of 2 . 5 4  x 10 -2  m d i a m e t e r  and  3 0 0 - m  
l e n g t h  is  

(300  m ) ( 1 . 7 1  x 10 -8 ohm - m) 
R e s  -- 

(it, '  4) ( 2 . 5 4  x 10 -2 m) 2 

= 1 . 0 1 2  x 10 -2 o h m  (104) 

The current that can be driven through two such conductors in series 
(one go and one return) at maximum generator voltage of 180 v is thus 

180 
I p ~ I D = = 8,893 amp 

2(1.012 × ]0 -2 ) ( 1 0 5 )  

T h i s  i s  i n a d e q u a t e  b y  an  o r d e r  of m a g n i t u d e .  M o r e o v e r ,  i f  one  r e s o r t s  
to  u t i l i z a t i o n  of t he  s t o r a g e  i n d u c t o r  ( a s s u m i n g  i t s  c u r r e n t  c o u l d  be  
c o m m u t a t e d  t h r o u g h  the  g u i d e w a y  w i t h  r e a s o n a b l e  e f f i c i e n c y )  t h e  e n e r g y  
to  j o u l e a n  h e a t i n g  of  t h e  e i g h t  g u i d e w a y  c o n d u c t o r s  b y  a 1 0 ~ a m p ,  
10 -1 s e c  p u l s e  t h r o u g h  e a c h  w o u l d  be  

~GW( r .a [ )  = 4(I~) + I~)(Res)(At) 

= 4[(105) 2 + (105)2](1.012 x 

= 8  × 107j 

]o -2) ( 1 0  1) 

(lO6) 

T h i s  i s  a p p r o x i m a t e l y  t he  fu l l  r a t i n g  of  t h e  s t o r a g e  i n d u c t o r .  
C o n s i d e r i n g  t h a t  v a s t  a m o u n t s  of  e n e r g y  m u s t  i n e s c a p a b l y  b e  l o s t  in  
c o m m u t a t i n g  c u r r e n t  t h r o u g h  t h e  g u i d e w a y  a n d  t h a t  t h e  d e l i v e r e d  
c u r r e n t  p u l s e  w o u l d  b e  a r a p i d l y  d e c a y i n g  e x p o n e n t i a l ,  t h i s  a p p r o a c h  
is  u n s a t i s f a c t o r y .  I t  is  n o t e w o r t h y ,  h o w e v e r ,  t h a t  c a l c u l a t i o n s  s h o w  
t h e  d e s i r e d  p u l s e  w o u l d  l e a d  to  a g u i d e w a y  t e m p e r a t u r e  r i s e  of o n l y  
20°C. 

One viable alternative would be to procure a large flywheel- 
driven generator whose energy, voltage, and current ratings would 
be matched to the guideway. From Eqs. (i01) and (106) it appears 
that a total flywheel energy on the order of the 6.84 x 108 joule total 
for Tunnel F would be adequate. As mentioned above, an attractive 

39 



AEDC-TR-76-149 

p o s s i b i l i t y  fo r  Range  G which  would a l low u t i l i z a t i on  of the Tunne l  F 
p o w e r  supp ly  is o f f e r e d  t h rough  gu ideway  s e c t i o n a l i z a t i o n .  Each  
s e c t i o n  would be p o w e r e d  i n d e p e n d e n t l y  of al l  o t h e r s ,  and then  only  
fo r  the p e r i o d  n e e d e d  fo r  the p r o j e c t i l e  to p a s s .  This  m i g h t  be 
a c h i e v e d  by e x p l o s i v e l y  o r  p e r h a p s  p n e u m a t i c a l l y  a c t u a t e d  s w i t c h e s  
which  would  a p p r o p r i a t e l y  connec t  and d i s c o n n e c t  each  s e c t i o n  to two 
l a r g e ,  r a n g e - l e n g t h  conductors;'.-" that  would be e n e r g i z e d  by the 
Tunne l  F g e n e r a t o r s .  M i n i m a l  swi t ch  d e v e l o p m e n t a l  e f fo r t  shou ld  
be r e q u i r e d  b e c a u s e  of the  low o p e r a t i n g  vo l t age  (180 v) and b e c a u s e  
the  gu ideway  induc t ance  to r e s i s t a n c e  r a t i o  is r e l a t i v e l y  low. 

As s t i l l  a n o t h e r  a l t e r n a t i v e ,  r e l a t i v e l y  s m a l l  f l y w h e e l - d r i v e n  
g e n e r a t o r s  could  be s t a t i o n e d  at i n t e r v a l s  a long the w a y s i d e  for  
p o w e r i n g  each  gu ideway  s e c t i o n  at the  a p p r o p r i a t e  t i m e .  Or ,  a l t e r -  
na t ive ly ,  banks  of e n e r g y  s t o r a g e  c a p a c i t o r s  could  be u t i l i z ed .  It 
is  to be e x p e c t e d ,  h o w e v e r ,  that  the r o t a t i n g  m a c h i n e r y  a p p r o a c h  
would be the  m o s t  e c o n o m i c a l ,  m o r e  t r o u b l e  f r e e ,  and with an 
e x p e c t e d  l i fe  tha t  would be s i g n i f i c a n t l y  l o n g e r .  

R e t u r n i n g  again  to F ig s .  1 and 3, a t t en t i on  is  inv i ted  to the  fac t  tha t  
if I D and Ip  a r e  equa l  in m a g n i t u d e ,  the bas i c  gu ideway  f i e ld  is c a n c e l e d  
by a l t e r n a t e  t r a n s p o s i t i o n s  and is doubled  in va lue  by the ones  b e t w e e n .  
This  s u g g e s t s  the  p o s s i b i l i t y  of u t i l i z ing  c u r r e n t s  (and t h e i r  c o n d u c t o r s  
o r  co i l s )  only  at a l t e r n a t e  i n t e r v a l s  as  shown in Fig .  27. To m a k e  
th is  point  c l e a r  is the r e a s o n  fo r  c o m p u t i n g  S igh t  pa ths  in Sec.  4 . 2 . 1  
for  equal  I D and Ip  d e s p i t e  the  fact  that  i m p r o v e d  r e s u l t s  w e r e  
a c h i e v e d  with i n c r e a s e d  ID. This  m e a n s  an i n c r e a s e d  l e v e l  fo r  the  
ba s i c ,  or  a v e r a g e  ( n o n m o d u l a t e d  f ie ld)  is d e s i r e d .  Hopeful ly ,  it 
can be s e e n  that  e s s e n t i a l l y  th is  s a m e  b i a s i n g  e f fec t  can be a c h i e v e d  
by m a k i n g  the z spac ing  b e t w e e n  the co i l s  of Fig .  27 l e s s  than the 
z d i m e n s i o n  of the co i l s  t h e m s e l v e s .  An obvious  bonus  f e a t u r e  of 
such  s p a c e d  co i l s  would be that ,  wh i l e  in the i n t e r v a l s  b e t w e e n  co i l s ,  
the p r o j e c t i l e  would  be f r e e  of shock i n t e r a c t i o n s  and t h e r e  would  be 
no o b s t r u c t i o n s  i n s o f a r  as w a y s i d e  p h o t o g r a p h y  is c o n c e r n e d .  

::~One go and one r e t u r n  c o n d u c t o r ,  each  having  an a r e a  on the 
o r d e r  of 0.1 m 2. 
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5.0 CONCLUDING REMARKS 

An electromagnetic-guideway/guided-projectile system concept 
that is believed suited to the VKF Range G, and perhaps numerous 
other aeroballistic ranges, has been presented and developed from 
a theoretical viewpoint. Basis of the system is guided, aerodynamic 
flight via motion-induced, electrodynamic interactions between way- 
side magnetic fields that form a guideway, and conductive material 
that is deployed in the projectile structure. The geometry of the 
fields is such that induction decays to zero with proximity to the 
guideway axis so that interference with aerodynamic flow or abla- 
tion near a projectile's stagnation point should be minimal. Aside 
from being devoid of sliding surface contact as is used in mechanical 
guideways, a possible attraetive feature of the system is periods of 
essentially free flight, with no obstructions to interfere with wayside 
photography. 

Qui te  n a t u r a l l y ,  s y s t e m  t h e o r y ,  and h e n c e  the  concep t  i t s e l f ,  
has  b e e n  d e v e l o p e d  on the  m o s t  e l e m e n t a r y  bas i s  p o s s i b l e .  F o r  
e x a m p l e ,  the  concep t  as p r e s e n t e d  u t i l i z e s  conduc t ive  m a t e r i a l  in 
the  f o r m  of a c y l i n d r i c a l  s h e l l  tha t  is p l a c e d  p r i n c i p a l l y  about  the  
p r o j e c t i l e ' s  f o r ebody .  It should  be p o s s i b l e ,  and f r o m  an a e r o d y -  
n a m i c  v iewpoin t  p e r h a p s  d e s i r a b l e ,  to a c h i e v e  the  n e c e s s a r y  e l e c -  
t r o d y n a m i c  i n t e r a c t i o n  with the  gu ideway  if a she l l  of con ica l  or  o t h e r  
shape  w e r e  u sed .  H o w e v e r ,  the  e l e c t r o d y n a m i c  t h e o r y  would  be m o s t  
d i f f icul t  to deve lop  as  the p r o b l e m  would  no l o n g e r  be t w o - d i m e n s i o n a l .  
F o r t u n a t e l y ,  wi th  the  c y l i n d e r  it has  been  p o s s i b l e  to deve lop  m o s t  of 
that  n e e d e d  by two i n d e p e n d e n t  m e a n s ,  the b r i e f e s t  of which  has  b e e n  
p r e s e n t e d .  C e r t a i n  i d e a l i z a t i o n s  and s i m p l i f y i n g  a s s u m p t i o n s  have ,  
h o w e v e r ,  b e e n  m a d e  du r ing  the  c o u r s e  of the  d e v e l o p m e n t  which  
apply  to both.  F o r  th is  r e a s o n ,  e x p e r i m e n t s  a r e  u n d e r w a y  tha t  
a r e  i n t e n d e d  to c o n f i r m  t h e o r y  i n s o f a r  as c o n c e r n s  e l e c t r o d y n a m i c  
i n t e r a c t i o n s .  A r e p o r t  on the  r e s u l t s  is  p l a n n e d  fo r  the  n e a r  fu tu re .  
No e x p e r i m e n t a t i o n  as r e g a r d s  a e r o d y n a m i c s  is p l a n n e d  as  a d e q u a t e  
wind tunne l  data  shou ld  be ava i l ab l e  for  th i s  p u r p o s e .  

F o r  the  p a r t i c u l a r  c a s e  of Range  G the p o s s i b i l i t y  of e n e r g i z i n g  
a gu ideway  f r o m  the  n e a r b y  Tunne l  F g e n e r a t o r s  is o p t i m i s t i c a l l y  
o f f e r ed ,  p r o v i d e d  tha t  the  gu ideway  is s e c t i o n a l i z e d  and tha t  e a c h  
s e c t i o n  be p o w e r e d  only  du r ing  the  t i m e  the p r o j e c t i l e  is p a s s i n g  
th rough ,  p lus  con t ingency .  P o s s i b l e  a l t e r n a t e  m e t h o d s  of gu ideway  
e n e r g i z a t i o n  fo r  th is  and o t h e r  r a n g e s  have  a l so  b e e n  o f f e r e d .  How-  
e v e r ,  in r e t r o s p e c t ,  it is p o s s i b l e  that  s t r o n g e r  f i e ld s  wi th  c o r r e -  
spond ing ly  s t i f f e r  f l ight  c o n t r o l  m a y  be d e s i r e d  in l i eu  of t h e s e  
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va lues  u s e d  in the Range  G e x a m p l e s  of Sec t ion  4 . 2 . 1 .  One r e a s o n  is 
that  ab l a t i ng  a n d / o r  e r o d i n g  nose  t e s t  s p e c i m e n s  m a y  i n i t i a l l y  have  
(or  t end  to deve lop)  a s y m m e t r y  and c a u s e  the p r o j e c t i l e  to b e c o m e  
s tubborn .  A n o t h e r  is that  g r e a t e r  d o w n r a n g e  a c c u r a c y  m a y  be n e e d e d  
fo r  c a p t u r e .  Th i s  could,  of c o u r s e ,  be i m p r o v e d  by a s m a l l e r  in i t i a l  
e r r o r .  Such r e d u c t i o n  a d d i t i o n a l l y  would a l low a s m a l l e r  gu ideway  
d i m e n s i o n  b, and h e n c e ,  f r o m  F i g s .  14 and 18, g r e a t e r  m a g n e t i c  
f o r c e  c o e f f i c i e n t s  fo r  g iven  c u r r e n t s .  A l so ,  with s e c t i o n a l i z a t i o n ,  
t h e r e  is the  p o s s i b i l i t y  of u t i l i z i n g  g r e a t e r  c u r r e n t s  f r o m  the  Tunne l  
F p o w e r  supp ly  wh ich  would  l e a d  to s t i l l  g r e a t e r  f o r c e  c o e f f i c i e n t s .  

St i l l  a n o t h e r  r e a s o n  fo r  s t i f f e r  con t ro l  is to a c h i e v e  a r e d u c t i o n  
in the  m a x i m u m  ang le  of a t t ack  a s s u m e d  by the  p r o j e c t i l e .  Qui te  
o b v i o u s l y  th is  would  be a c h i e v a b l e  wi th  l o w e r e d  in i t i a l  e r r o r .  But  
a r e d u c t i o n  could  a l s o  be a c h i e v e d  by v i r t u e  of the  fac t  that  g r e a t e r  
m a g n e t i c  f o r c e s  would  p e r m i t  l e s s e r  r e l i a n c e  on the  d e v e l o p m e n t  of 
a e r o d y n a m i c  f o r c e s .  In tu rn ,  l o w e r  m a g n e t i c  m o m e n t  and m o m e n t  
a r m s  would  be r e q u i r e d .  To v i s u a l i z e  the  t r e n d ,  c o n s i d e r  the  c a s e  
of z e r o  ~M w h e r e  the  m a g n e t i c  f o r c e s  would  a t t e m p t  to c o r r e c t  the  
p r o j e c t i l e s  c o u r s e ,  but with z e r o  change  in ang le  of a t t ack .  F i n a l l y ,  
it shou ld  be po in t ed  out that  the n e e d  fo r  s t i f f e r  c o n t r o l  b e c o m e s  l e s s  
u r g e n t  wi th  i n c r e a s e d  r a n g e  l eng th  as  m o r e  t i m e  is a v a i l a b l e  fo r  
r e c o v e r y  f r o m  in i t i a l  e r r o r s .  

In c o n c l u s i o n ,  it is r e c o g n i z e d  tha t  n u m e r o u s  v a r i a t i o n s  and 
r a m i f i c a t i o n s  of the  concep t  p r e s e n t e d  a r e  o b v i o u s l y  p o s s i b l e ,  m o s t  
of which  a r e  le f t  to the r e a d e r ' s  i m a g i n a t i o n .  Oppor tun i ty  is  t aken ,  
h o w e v e r ,  to e m p h a s i z e  the fact  that  a m o r e  e f f i c i en t  a p p r o a c h  is  
p o s s i b l e  for  s i t u a t i o n s  w h e r e  space  and l a u n c h  a c c e l e r a t i o n s  wi l l  
p e r m i t  s u p e r c o n d u c t i n g  m a g n e t s  on the  p r o j e c t i l e .  In the m e a n t i m e ,  
s u b s e q u e n t  to the  e x p e r i m e n t a l  v e r i f i c a t i o n s  p r o m i s e d  above ,  it 
a p p e a r s  tha t  c o n s t r u c t i o n  of a s c a l e d - d o w n ,  d e v e l o p m e n t a l  v e r s i o n  
of the  p r e s e n t  concep t  would be in o r d e r .  Th is  could  m o s t  e a s i l y  
be a c c o m p l i s h e d  in the p r e s e n t l y  inac t ive  VKF Tunne l  J (Ref.  15) 
w h e r e  p r o p e r  p o w e r  is  a v a i l a b l e  fo r  the gu ideway.  
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Figure 5. Nomenclature for study of diamagnetic and dissipative behavior. 
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**  PROGRA~ FOR B-SEGMENTED/R-INFINITE **  

M SPECIFIES TH~ NU~dER OF SEGMENTS CONSIDERED (SHOULO BE 000) 

M=9 
C 
C SEG IS THE LENGTH OF ONE SEGMENT 
C 

SEG=2.0 
O0 | L = I , 5  
ALIL  

C 
C 8 IS THE 0ISTANCE OF THE POINI OF INTEREST FROM THE Z-AXIS 
C 

8=SEGI~L 
C 
C THIS DO LOOP STEPS THE POINT OF INTEREST ALONG THE Z-AXIS 
C 

00 I I=I,41 
E=I " I  
S = ( M - 1 ) / 2  

C 
C Z IS THE Z-COMPONENT OF THE LOCATION OF THE POINT OF INTEREST 
C 

Z=(S*,OSeE)eSEG 
RATIO=O,O 
DO 2 N=IIM 
A=N 
CaZ - AeSEG 
D = Z - ( A - I ° O ) * S E G  
R==S*(-1.)*eN*(C/SQRT ( C * ' 2 ~ B * * 2 ) -  O/SQRT (O**2~B**2) )  

2 RATIO=RATIO • R 
WRITE(6tlO)HgSEGtBeZoRATIO 

l CONTINUE 
10 FORMAT(1HOt3HM = t I 3  . / IHtI6HSEGNENT LENGTH = tE IO,4 /1H t3HB =t 

IE IOo4 / IH  ,3HZ = , E I O . ¢ / | H  ,2kHB-SEGHENTED/B-INFINITE =oEI5 ,6 )  
STOP 
END 

/ *  
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C 
C 
C 
C 

~ PROGRAM FO~ POSITIONAL FORCES e~ 

DIMENSION X(~)IY(4).~(4)gXC(~)eYC(4)eA(4)tRUX(4)tAOX(4)tDERVX(4)e 
IRDY(~)eAUY(4)0DER~Y(4)tFPIX(~),FPIY(4) eDANGLE(|OO)tBIGR(IO0) 0 
2BX(~)eRY(4)0SNRSQI~(4) 

P1=3°1~15926535 
DANGLE( I )= -P I /16°  
d l G R ( I ) I - ° O S * , O Z 5 ~  
ARAD=Oo2**U25~ 
BRAO=I.0e.0254 

(XC(N)eYC(N)) INDICATES POSITIUN OF NTH LINE CURRENT 
BRAD(BORE ~AOIUS). A~AI)(~OOEL ~AUIUS) 

25 
PRINT 25,  BRAD , ARAO 
FORMAT(00 BORE RAOIUS 
XC(I)aBRAO 
XC(2)=O.O 
XC(3)a-BRAO 
XC(~)=O,O 
YC(I)~O,O 
YC(2)=BRAO 
YC(3)nOoO 
YC(4)s-BRAO 
DO 500 Lm2,3 
00 500 K=2o14 
81GR(K)zBIGR(K-I)+°OSQoU25~ 
OANGLE(L)=OANGLE(L-I )+PI/ I~o 

to E 2 U . | 2 ,  o MO~EL RADIUS I , E 2 0 . 1 2 )  

S(AETA) DEFINES THE MODEL POSITION 
(X(N) oY(N)) INDICATES POSITION OF NTH IMAGE CURRENT 

SmBIGR(K) 
BETA=DANGLE(L) 
BaSee2-2.eSeBRAOeCOS(BETA)+BRAOee2 
X(I)=S°COS(BETA)'(ARAO°e2e(BAAO-SeCOS (BETA) ) ) /B  
Yil)aSeSIN(BETA)-(ARAOee2oSeSIN(HETA))/B 
CuSe'2+BRAOee2-Z,eSeBRADeSIN(BETA) 
X(2)=S+COS(BETA)-(ARAOeO2oSoCOS(BETA))/C 

(PROGRAM CONTINUED ON NEXT PAGE) 
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Y(2)mS*$1N(HETA),(ARAIJ**20(SRAD-StSIN(HETA)))/C 
O=S**2~HR~D**2*~,*S*dRAD*CU$(HETA) 
X(3)=S*COS(BETA)-(ARAO**2e(~RAD*S*CUS(HETA)))/D 
YI3)mS*SIN(BETA)-(ARAI)et2tSQSIN(@ETA))ID 
E=S**2*dRAD**2*2,*S*~RAO*SIN(dETA} 
X(~)=S*COS(BETA)-(ARAO**~*~*COS(HETA))/E 
Y(W)mS*SIN(BETA)-(AWAO**2*(URAO*S*SIN(B~TA)))/E 

M IS THE NUMHER OF LINE CURREN[S PRESENT (E,G, ~ I'W THE CASE OF A 
0UADRUP0LE FIELD) 

O0 lU j=l,M 
O0 I I=lgu 
SMRSQO(1)=(XC(J)-X(I ) ) **2*(YC(J)-Y( I ) ) **~ 
dX(I)=(-I.)**(I-I)*(YC(J)-Y(I))/SMRSQU(I) °2.E-/ 

I 8Y(1)=(-I.I**(I-I)*(XC(J)-X(1))/SMRSQO(1) *~.E-I 
IF(M-I) 200t200t]O0 

C 
C 
C 
C 

300 DO 2 I=21M 
8X(1)=BX(1)*BX(I-I) 

2 BY(I)mBY(I),BY(I-I) 
200 CONTINUE 

F P I X ( J ) =  ~Y(M) * ( - l , ) * * ( J ~ i )  
l 0  F P I Y ( J ) = B X ( M  ) * ( - J , ) * * ( J * l )  

IF(M-I) 51,51,50 
C 
C 
C 
C 

BX(N)--X COMPONENT OF d PEN [ 
BY(N)--Y COMPONENT OF ~ PER [ 

FPIXT IS THE X COMPONENT OF FORCE PER I SOUAREO FOR A I METER LONG MODEL 
FPIYT IS THE Y COMPONENT OF FOHCE PER I SQUARED FOR A 1 METER LONG MODEL 

SI FPIXT=-FPIX(1) 
FPlYTs-FPIY(1) 
GO TO 52 

SO FPlXT=-FPIX(1)-FPlX(2)-FPIX(3)-FPIX(4) 
FPIYT=-FPIY(1)-FPIY(2)-FPIY(3)-FPIY(4| 

52 CONTINUE 
FREFPIXToCOS(BETA)÷FPlYT*SIN(BETA) 
FBETA=-FPIXT*SIN(@ETA)*FPIYI*COS(~ETA) 
PRINT IO0~ St 8ETAt FPIXT, FPIYTt FR~ FBETA 

I00 FORMAT(IMOtlHR~IX~ELO.Wt2XtWHdEIAolXIEIO.4,2Xt2MFXtEIO.~92Xt 
22HFYIEIO,4,2X,2HFR ,IX~EIO,~t2X,SMFBETA,IX,EIO,4) 

500 CONTINUE 
STOP 
ENO 

/ *  
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 

@@e@e@e@@@@@ee@e@@@@@@@ee@@@@@@@@@e@@e@@@@@@t@@@@@e@@@@@@@@@@@@@@@@@ 
e e  @@ 

ee P~O@~AM FUN DAMPING CONSTANTS ee 
ee ee 
e~eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 

UIMENSION ~ONr(~)tOUNUTI~),ANGLE(4)+SMLR(~)eTHETA(~)+BANGLE(4)t 
2 A(~365),8(~.365), C(~)eU(~}.E(4)eEC(~)tF(Al,G(~e365)t 
3H(4e36S),GT(365),HT(365)t~QI~(36~)tdIGR(99),PWRN(365),pWR8(365), 
4Sr~IH(365),I)ANGLE(40)tPHI(365) IUOT(4) tSSRSOIJ(~)  

P I = 3 , l ~ 1 5 9 2 6 5 3 5  

A~AO IS THE MODEL RADIUS+ @R4U IS THE GUIDEwAY BORE RADIUS 
S(=BIGR) AND BETA(=UANGLE) DEFINES THE MODEL POSITION 
M INDICATES THE NUMdER OF LINE CURRENTS P~ESENT 

8 R A D = 3 , 5 3 5 5 t . 0 2 5 4  
A R A D = ( O o 5 - ( , O 4 9 / 2 , ) ) e .  OZ54 
PNINT 35 t  ARAOoRR&D 

35 FORMAT (eO MODEL NAI)IUS i~ E 2 0 ° 1 2 .  e @O~E RADIUS t .  E20 ,12 )  
8 I G R ( I ) = - ( B R A D / I O o )  
O A N G L E ( I ) = - P I / 1 6 .  
O0 500 J = 2 t 8  
DO 500 K=2elO 
8 I G R ( K ) = B I G R ( K - I ) - B I G R ( I )  
D A N G L E ( J ) = D A N G L E ( J - I ) + P l / | O °  
S=8IGR(K) 
@ETA=OANGLE(J) 
M=4 

SIMPSON INTEGRATION--N BEING THE NUMBER OF INTERVALS 

5O 

Sl  
52 
1 

O0 1 N=1o360 
IF ( N - l )  50 tSOt51  
P H I ( l ) = O .  
GO TO 52 
PHI(N)=PHIIN-1)+2=ePI/360+ 
CONTINUE 
CONTINUE 
DO 55 N=1,360 
DO 2 I = l . M  
D O T ( I ) = I - I  
D O N T ( I ) = D O T ( I ) / 2 .  

(PROGRAM CONTINUED ON NEXT PAGE) 
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UONUT(IImbJONT(I )eP I  
AN~LE( I )mI IONUT( I ) -BETA 
$MLR(I )mSQ~r(RNAO**~ ÷ S e * 2 - ~ o * S * U ~ A D e C O S ( A N ~ L E ( I ) ) !  
THETAII)mDONUT(1)~ASI~($/SML~(1)eSIN(ANGLE(1))) 
@AN(~LE(1)= (PHI(N)-THETA(|)) 
SSRSQO(1)mARAD**2.SMLR(1)**~ -~.*ARAOOSMLR(1)QCQSidANGLE(1)) 
A(ItN)m2.E-~e(ARAO*SMLR(1)oCOS(~ANGLE(I))-ARADe*2)/ 

~($MLR(1)*SSRSQO(1)) 
B(10N)= -2.E-Tt(ARAU*SINiHANGLE(1)) *S~LR(1) /SSRSQD(1)) 
C(1)=(S-BRAO*COS(ANGLE(1)))/SMLR(1) 
D(I)m-@RAI)tSIN(ANGLE(1)) /$MLR(1) 
EC(1)=I./$QRT(SMLR(1)e*~-S'e~*SI.W(ANGLE(1))**2) 
E(1)=EC(1)*(SIN(ANGL~(1)) -S*SIN(ANGLE(1))*(S-BRAD* 

~CO$(AN~LE(I))) /SMLR(1)**~) 
F(1)=-EC(I)*( COS(ANGLE(I;) -S*HRAO*SIN(ANGLE(I))**2 

2/$MLR(1)**~) 
@(ItN)mA(IIN)*C(1)* B(ItN|tE(1) 

2 H(I,N)=A(I,N)*D(I)* d(ItN)*F(1) 
C 
C G=CURRENT OUE TO RAOIAL VELOCITY*SIGMA/INDUCING CURRENT 
C HmCURRENT DUE TOANGULAR VELUCITY~SI@MA/INDUCING CURRENT 
C 

IF(M-2) 3,Wt5 
3 G T ( N ) = G ( I t N )  

HT (N )=H( I~N)  
GO TO 8 
GT(N) = G ( I ~ N ) - G ( E t N )  
H T ( N ) = H ( I t N ) - H ( ~ t N )  
GO TO 8 

5 IF(M-4) 6 ,7~7  
6 G T ( N ) m G ( I , N ) - G I 2 t N ) + G ( 3 ~ N )  

H T ( N ) = H ( I e N ) ' H ( 2 ~ N ) + H ( 3 e N )  
GO ro 8 

7 GT(N)=G(I~N)-G(2~N)*G(3~N)'G(~N) 
HT[N)=H(I~N)-HI2~N)~H(3~N|'H(~N) 

8 CONTINUE 
$ Q I R ( N ) u G T ( N ) * * 2  

55 S Q I B ( N ) = H T ( N ) * * ~  
Q m 2 . * P I / 3 6 0 .  *ARAO 
PWRR( I )mQ/3 ,eSQIR( I )  
P W R B ( I ) m Q / 3 , e S Q I S ( I )  
PWRR(360)=Q/3°esQIR(3bO)  
P W R B i 3 6 0 ) = Q / 3 . * S Q I ~ ( 3 6 0 )  
DO 10 L=2 ,359  
I F ( ( - I ) * *L )  1 I , I I , 12  

I I  P W R R ( L ) = ~ . * Q / 3 ° * S Q I R ( L )  
PWRB(L )m~**Q/3* *SQIB(L )  
GO TO 10 

I~ PWRR(L)=2* *Q/3°~SQIR(L )  
P W R B ( L ) = 2 . * G / 3 * * S Q I B ( L )  

lO CONTINUE 
C 
C K M D N ( S ( B E T A ) )  = PWRR 
C 
¢ 
C (PROGRAM CONTINUED ON NEXT PAGE) 
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C K d U ~ ( S ( B E T A ) )  : P~H~ 
C 

UO ~0 Lm~t3b0 
PWRR(L)aPWR~(L- | ) *PW~(L)  

20 PWRB(L)mP~H~(L'L)*PWH~(L) 
PRINT lOOtSI HETAt PW~(36UIoPW~(360)  

100 FORMAT(|HOeLHRtIAt[IUe¢o2Xt~HBErAtLXtE|Oe~t2XeCHKNDHtEIOo¢o 
2~XtlHK~OH~TAoEIO.~) 

500 CUNTINUE 
STOP 
END 
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C 
C 
C 
C 
C 
C 

.C 
C 
C 
C 
C 

** PROGRAM FOR GUIDED FLIGHT ** 

200 

201 

lO 

REAL ItIOtRMtKMDtLtLMtLEN(~rHtM 
COMPLEX dCOF,ROOTtYT,ALPHAtUCOFoRL~R~IR3tR~ 
DIMENSION ACOF(w},BCOF(5),CCOF(5),C(8)~D{B)tROOT($}~YCOF(4) 
DIMENSION DCOF(5},ECOF(b) 
DIMENSION BN(II}tCOF(II) 
DO 200 N=I,4 
ACOF(N)=O.O 
YCOF(N)=O.O 
BCOF(N)=O.0 
BN(N)=0,0 
COF{N)=O.O 
ROOT{N)©U.O 
D0 201N=I,5 
CCOF(N)=O.O 
YT=O.O 
ALPHA=O.O 
RI=O,O 
R2=O,O 
R3=O,O 
R~=O,O 
KOUNT=O 
KOUNT=KOUNT*I 

GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 

C 
C VARIABLES TO BE USED 
C P(PRESSURE),SBiREFERENCE AREA)t L'(SEPARATION BETWEEN CP AND CG)t 
C CMQ-CLA-COO(AERODYNAMIC COEFFICIENTS), RB(BASE RADIUS)t TO(ROTATIONAL 
¢ INERTIA), KM-KND(MAGNETIC COEFFICIENTS) t LM(SEPARATION BETWEEN 
C CG AND CM)t VO(INITIAL VELOCIrY), YO(INITIAL ERRROR}t AO(INITIAL ANGLE 
C OF ATTACK)t GAMMAO(ANGLE BETWEEN Z-AXIS AND V)t M {MASS OF PROJECTILE)t 
C U(RATE OF CHANGE OF ANGLE OF ATTACK),INVL(Z-AXIS POSITION I~TERVAL)t 
C DT(TIME INTERVAL CORRESPONDING TO INVL)t LENGTH (RANGE LENGTH) 
C 

READ(StlIO)PtSB,L,CLApCDOtCMQ,RBtIO 
READ(StlIO)KMtKMOtLM,VOtYOtAO,GAMAO,M 
READ(5,120)DT,INVLtLENGTH,U 
IF(P.EQ.O.O) GO TO-1091 
WRITE(6~ITO) 

GUIDE 
GUIDE 
GUIDE 
GUIDE 
GUIDE 

{PROGRAM CONTINUED ON NEXT PAGE) 
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C 
C 
C 

C 
C 
C 

20 

20J 
202 

"2E12,3) 
~0¢ CONTINUE 

WRITE[6tlSO) 
YODPR=O(7)eYO*O(8)*AO-D(5)*YOPR,U(6)eU 

WRITE(6oI30) PtS~tLICLAtCDOtCxQtHUtIO GUIDE 
WRI1E(6tI~(]} KMtKMDtLMtVOtYO~AUt~AMAOtMtlJTtLENGTHtU GUIDE 
ICNT=I GUIDE 
IPNTml GUIDE 
VuVO GUIDE 
ImIO GUIDE 
T=O.O GUIDE 
X=O.O GUIDE 
RH0=0.00~2831"~15.379*~/7~0.0 GUIDE 
~=RHOeVe*2/2"O GUIDE 
YOPR:V~GAMAO GUIDE 
C(I)=O*SB*Le(CLA*CUO) GUIDE 
C(2)=(*(CMO*QeS~*~.U*Nd*R~/V}}. GUIDE 
C(3)mKM*LM GUIDE 
C(~)=KMOeLM GU'IDE 
C(5)=Q*Sd*CLA GUIDE 
C(b)=KM GUIDE 
C(T)=(÷(Q*SH*COG/V)) GUIDE 
C(8)=KND GUIDE 
D( I )=(C(3)eLM*C(~)eV) / I  GUIDE 
D(2)=V*(C(2 I *C(4)~LM)/ I  GUIDE 
O(3)=C(3)oV/I  GUIDE 
D (~ )=V* (C ( I ) -C ( ] )~LM) / I  GUIDE 
D(5)=-((C(6)*LM)/(M~V))+((C(7)-C(~I)/M) 
D(6)=C(8)*LM/N GUIDE 
O(7)=Cl6 l /H GUIDE 
D(8)=(C(5)*C(b)*LM)/H GUIDE 

THE ANRAY CCOF CONTAINS THE CUEFFICIEN[S OF THE CHARACTERISTIC 
EQUATIONS FOR HOTH OISPE~SION AND THE ANGLE OF ATTACKo 

CCOF(I)sV,D(6) GUIDE 
CCOF(2)=-D(2)*D(SItV.U(~) GUIDE 
CCOF(3)=D(~I-D(S)*D(2)-D(I)*V-D(b),O(II GUIDE 
CCOF(4)=D(SIeD(~)÷D(7)*D(2I'D(6)eD(3)'O(8)eU, (I) GUIDE 
CCOF(5)=-D(~|*D(3)-D(?)eD(~) GUIDE 
DO 20 K=I,5 GUIDE 
DCOF(K)=CMPLX(CCOF(K)ICCOF(I)tOeU) GUIDE 
CALL OANDC(ItDCOF(2)tUCOF(3ItDCOF(4ItDCOF(S)tRItR2oR3tR4) GUIDE 
ROOT(I)mRI GUIUE 
ROOT(2)=R2 GUIDE 
ROOT(3ImR3 GUIDE 
ROOT(~)=R~ GUIDE 
WRITE(6t2OE)RItREtR3,R~ GUIDE 
FORMAT(°0RI= tt2EJ2"3ttOR2= I'2El2,3~tO R3= ~,GUIDE 

GUIDE 
GUIDE 
GUIDE 
GUIDE 

THE ARRAY YCOF CONTAINS THE COEFFICIENTS OF 
LAPLACE EQUATION FOR OISPERSIUNe 

YCOF(I)mIV*OI6))eYO 

t t 2 E l 2 . 3 1 t O  R~= 

THE NUMERATOR OF THE 

GUIDE 

[PROGRAM CONTINUED ON NEXT PAGE) 
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C 
C 
C 
C 

YCOF(~Im(-D(2)÷U(8)÷V*O(b))*YO*(V*U(6))*YOP~ GUIDE 
YCOF(3)m(O(4)-O(~)*D(5)-D(6)eu(1))eyO÷O(B)eVeAU÷(-D(~)÷O(8))eYOPR÷GUIDE 

*O(6)*YODP~÷OIbIeV*U GUIDE 
YCOF(W)=(D(4)*O(5)-O(B)*D(I))*YO~(- O(8)*D(~I-D(~)eD(6I)eAO÷D(~)eYGUIOE 

*OPR÷I)(B)ey~UPR÷D(~)eVeU GUIDE 

THE ARRAY ACOF CONTAINS IHE COEFFICIENTS OF rHF NUMERATOR OF THE 
LAPLACE EQUATION FOR THE ANGLE OF ATTACK, 

ACOF(1)=IV*D(6))eAO GUIDE 
ACOF(2)=IO(5)*V-DI2I)*AQ-O(1)*YO*UIS)*YOP~*YOOPR*V*U GUIDE 
ACOF(3)=(-D(5)eD(~)-O(L)eDIb)-D(7)ev)*AO*D(3)eyu*o(I)*YORR*O(5)eYOGUIDE 

*OR~-O(I)eYOPR+D(5}ovtu GUIDE 
ACOF(~)=(-(-D(3)*D(5I-U(1)oO(I))*YO-(-D(2IoU(r)÷O(3)*D(6))oAO*D(3)GUIDE 

**YOPR-I)(I)iY(IDPR-O(1)*V*U} GUIDE 
O0 99 J = l , ~  GUIDE 
YCOF(J)=YCGF(J)/CCOF(L) GUIOE 

99 ACOF(J)=ACOF(J)/CCOF(|) GUIDE 
IOU CALL VERT(YCOF,NO~T,TtYT) GUIDE 

CALL VERT(ACOFtROOT,T,ALPHA) GUIDE 
IF(ICNT.NE.IPNT) GO TO 105 GUIDE 
WRITE(6,160)  TtXtVoYTtALPHAoGAMAO GUIDE 

lO~ IRNT=IPNT+INVL GUIDE 
105 CONTINUE GUIDE 

ICNT=ICNT÷I GUIDE 
T=T÷OT GUIDE 
IF(T,GT.O.IO) GO TO I06 GUIDE 
X=VeT GUIDE 
IF (X -LENGTH) IOOo lOUt I07  GUIDE 

I06 WRITE(6,1~O) GUIDE 
GO TO 108 GUIDE 

I07 WRITE(6olgO) GUIDE 
108 CONTINUE GUIDE 

GO TO lO GUIOE 
1091 CONTINUE GUIDE 

110 FORMAr(BEIO,3) GUIDE 
120 FORMAT(EIO,3,13,2EIO,3) GUIDE 
130 FORMAT(IHOt9HP = t E I O , ~ 5 H  MM HG/IH tqHS8 = t E I O , 4 t l O H  SOGUIDE 

* METERS/IH tgHL = ~EIOe~t7H METERS/IH ,9HCLA = o E l O , 4 t l O H  GUIDE 
* I / N A O I A N S / I H  o9HCDO = t E I O . 4 / I H  t9HCMQ = t E l O . 4 / I H  t9HRB GUIDE 
o = tE IO,4~7H ~ETERS/IH 19HI = , E l O , 4 , 2 0 H  KILOGRAMS-NETERS**2)GUIOE 

140 FORMAT(IH tgHKM = o E l O , ~ t l 4 H  NEWTONS/METER/IH 99HKMO = ,EIOGUIDE 
* , ~ t 2 1 H  NEWTON-SECONDS/METER/IH 99HLM = sElO.4wTM METERS/1H ~gHGUIDE 
*VO = ,ElO,~tl4H METERS/SECOND/IH tgHYO = tEiO,4tTH METERS/GUIDE 
* I N  ,gHALPHAO = wElO.4t8H RAUIANS/IH tgHGAMMAO = oEIO,4 t7HRADIANS/ IGUIDE 
*H tgHMASS = IEIO,~91OH KILOGRAMS/IH ~9HDT = ~E lO,~ tSH SECONDGUIDE 
e S / | H  ogHLENGTH = t E l O , 4 t T H  METERS/1H tgHU = t E I O , 4 ~ S H  RADIANGUIDE 
*S/SECOND) GUIDE 

ISO FORMAT(IHO,SX,4HTIMEtgX~SHDISTANCEtTXtSHVELOCITYt~OXtlHYt~SX,SHALPGUIDE 
*HA~IgX~SHGAMMA/IH t~X~THSECONOS,SX~GHMETERStTX~IOHMETERS/SECt~GX~GGUIDE 
*HMETERSo22X,7HRAOIANS,17Xt/HRAOIANS) GUIDE 

160 FORMAT(IH t ( 8 E l S , 6 ) )  GUIDE 
170 FORMAT(|H1,37X~8HTUNNEL G/LM t29Xt2~HELECTROMAGNETIC GUIOANCE/IMO,GUIOE 

(PROGRAM CONTINUED ON NEXT PAGE) 
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C 
C 
C 

e2~HTHE [NPUT PARAMETERS A~E) 
180 FUR~AT(tO MAX T[ME ~EACHEO i )  
190 FORMAT(IO NOBEL HAS ~EACHEO TLINNEL LZMXTS =) 

END 
SUBROUTINE OANOC(NoRtCeUtEtA| tX~tX3tX4) 
|MPL[CXT COMPLEXeB(A-G~u-Z) 
CUMPLEX*8! 
[ = ( 0 ° t l . )  
IF(N oEQ° O)GO ro 10 
A=((~°OOeCeE-(Heo2eE)-Oeez)/~°O) 
A|=(Ce(HeD-~,OO~E)/~oUO) 
A2=- ( (C~ t3 ) /27oUO)  
A=A~AIeA2 
8B= CSQHTI(Aee2)*((~tO-~oOUOE-((CeI2)/3oOO))ee3)/2T°O0) 
Au-A 
CALL CU~RT(AtBB,~) 
~STAR=~eD-4o00eE-C*C/3,U0 
RI=-PSTAR/(3.00*~) 
R=(ReRIe IC /3 ,O0) )  
P= CSQRT((Bee2/~,OO)-C~N) 
PQ= CSQRT(Oo2500eRee~-E) 
A82=°500e~eR-O 
PPQ2=2oOOePePO 
IF(CABS(AB2-PPQ2)  oGT° CABS(A~2ePPQ2))P~=-PQ 
PP=(CARS(P) )  
A1=(1°0~0 .0 )  
BI=(BI2oOO)~P 
CI=(R/~=OO)÷PO 
X I = ( - B I ÷  CSQRT(~I~*2-~,OOeAI*CI))/(2,OOeAi) 
X2=( -B1 -  CSQRT(RI~e~-~oOOeAieCI))/(2.OOeA|) 
B | = ( B / ~ , O O ) - P  
CI=(R/2°OO)-PO 
X3=( -B I~  CSORT(BI**2-~°OOeAIecI))/(2oOO*AI) 
X ~ = ( - B l -  CSQRT(BIe*2-~oOO*AIeCI))/(2°OOeAI) 
RETURN 

10 CONTXNUE 
P=C-(Bee2/3oO0) 
O=O-(BeC/3°OO)+((2oOOeB~e3)/27°O0) 
Zl=-(Ot2.00)÷(CSORTI(Qe*21~.OO)÷IPee3/27°O0))) 
Z2=-(0/2°00)-(CSQRT((Qee2/~.OO)~(Pee3t27oO0))) 
]F(  CABS(Z|)oGE. CABS(Z2))Z=Z|  
XF( CABS(Z2)°GEo CA8S(Z[ ) )Z=Z2 
I F ( C A B S ( Z )  °EO° 0 , 0 ) X 1 = - ( ~ / 3 . 0 0 )  
I F ( C A B S ( Z )  .EQ. 0 . 0 ) X 2 = - ( 8 / 3 o 0 0 )  
I F ( C A B S i Z )  .EO. 0 ° 0 ) X 3 = - ( 8 / 3 ° 0 0 )  
] F ( C A B S f Z )  .EQ° O,O)RETURN 
BBB=(O°OOwO°O0) 
CALL CUBRT(ZtBBBtRI) 
R m - ( P t ( 3 , 0 O e R | ) )  
W I= - ( .SOO) * ( ( 3 °OO*e .5 ) t 2oOO)e !  
W2a- ( .SOO) - ( (3oOOQe°5) /2 .00 )O l  
XI=- (B/3oOO)~RI~R 
X2=-(8/3°OO)÷WIeRI~W2eR 

(PROGRAM CONTINUED ON NEXT PAGED 

GUIDE 
GU|OE 
GUIDE 
GUIDE 
QANDC 
QANOC 
~ANDC 
QANOC 
QANOC 
QANDC 
QANDC 
gANDC 
QANDC 
QANDC 
OANDC 
QANDC 
QANDC 
QANDC 
QANDC 
QANDC 
QANDC 
QANDC 
QANDC 
QANDC 
QANDC 
GANDC 
QANOC 
QANDC 
QANDC 
QANOC 
OANDC 
QANDC 
QANOC 
QANDC 
QANDC 
QANDC 
QANOC 
QANDC 
QANDC 
QANDC 
QANDC 
QANDC 
QANDC 
QANDC 
QANDC 
QANOC 
QANOC 
QANDC 
QANDC 
QANOC 
QANOC 
QANOC 
QANDC 
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990 

X~=U.OO 
RETURN 
END 
SU~ROUTINF CUHRT(AA~dHtRR) 
IMPLICIT COMPLEX*B(A-G,U-Z) 
REAL*~HtHIA~HIB~HTH 
REAL*~PItSSSS 
COMPLEX*SI 
CONTINUE 
I= (O . , l . }  
I I = l  
ZI :AA~B~ 
Z2=AA-88 
I F ( C A B S ( Z 2 )  .GE. C A ~ S ( Z I ) ) A = Z 2  
IF(CA~S(ZI) .GE. CA~S(Z2))A=ZI 
B= CO~J6ta)  
HIA=IA*8|I~.O0 
HIB=-I*(A'H)/~.OQ 
HIM= ATAN2(H IB tH IA )  
H=(HIA**Z*HIB*e2)**,SUO 
PI=3 .1415926535~g /93UO 
SSSS=3,00 
RR=(H**(I.O013.00))*( COS((HTH+(II-I)*2.DO*PI)ISSSS)*I*( 

I H , ( I I - 1 ) * 2 . 0 0 * P I ) / S S S S ) ) )  
ENO 
SUBROUTINE VERT(COFtROOTtTtTF) 
COMPLEX ROOTtBCOF,TF,~N 
DIMENSION COF(~)gBCOF(W),ROUT(4},~N(¢) 
DO 910 I= l ,~  

QANDC 
QANDC 
QANDC 
QANDC 
QANDC 
QANDC 
QANDC 
QANDC 
QANDC 
QANOC 
QANDC 
QANOC 
QANDC 
OANDC 
QANDC 
QANDC 
QANDC 
QANOC 
QANDC 
QANDC 
QANDC 
QANDC 
QANDC 

SIN((HTQANDC 
QANDC 
QANDC 

GUIDE 
GUIDE 
GUIDE 

910 BN( 

/ *  

I )=(COF(I)*ROOT(1)P*3)*(COF(2)*ROOTiI)**2)÷(COF(3)*ROOT(I))*CGUIOE 
SOF(4) GUIDE 
8COF(1)mBN(1)/((ROOT(1)-ROOT(2))*(ROOT(I)-ROOT(3))*(ROOT(1)-ROOT(4GUIDE 

* ) ) )  GUIDE 
~COF(2)SBN(2)/((ROOT(~)-ROOT(L|)*(ROOT(2)-ROOT(3))*iROOT(2)-ROOTi4GUIDE 

* ) ) )  GUIDE 
6COF(3)=BN(3)/((ROOT(3)mROOT(I))*(ROOT(3)-ROOT(2))*(ROOT(3)-ROOT(~GUIDE 

* ) ) )  GUIDE 
8COF(4)=BN(4)/((ROOT(~)-RODT(L))*(ROOT(~)-ROOT(2))*(ROOT(~)-ROOT(3GUIOE 

* ) ) )  GUIDE 
TFmBCOF(1)*CEXP(ROOT(1)*T)+dCOF(2)*CEXP(ROOT(2)*T|*~COF(3)*CEXP GUIDE 

*(ROOT(3)*T),BCOF(4)*CEXP(ROOT(4)*T) GUIDE 
RETURN GUIDE 
END GUIDE 
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NOMENCLATURE 

m 

A 

a 

O .  

b 

C 

CDO 

CL~ 

Cm& 

c M 

Cg 

C 
P 

D 

d 

f(s) 

f(t) 

h 

Magnet ic  vec to r  potent ia l ,  Wb /m 

Radius of conduct ive shel l  or  p ro j ec t i l e  forebody,  m 

Abbrev ia ted  coeff ic ient  (see Eqs.  (79), (80), and (82)) 

Magnet ic  induction,  Wb/m 2 

Dis tance  f rom z axis  to guideway l ine c u r r e n t s ,  m 

Abbrev ia ted  coeff ic ient  (see Eqs.  (79), (80), and (82)) 

Coeff ic ient  of c i r c u l a r  ha rmon ic  

P r o j e c t i l e ' s  a e rodynamic  drag coeff ic ient  

P r o j e c t i l e ' s  a e rodynamic  l if t  coeff ic ient  

P r o j e c t i l e ' s  a e r o d y n a m i c  damping coeff ic ient  

Effect ive  cen t e r  of magne t ic  f o r ce s  

P r o j e c t i l e ' s  c en t e r  of m a s s  

Effec t ive  cen t e r  of a e rodynamic  p r e s s u r e  

Abbrev ia ted  coeff ic ient  (see Eqs. (79}, (80), and (82)} 

Abbrev ia ted  coef f ic ien ts  (see Eqs.  (76) through (81) 

Abbrev ia ted  coeff ic ient  (see Eqs. (79), (80), and (82)) 

E l e c t r i c  f ield,  v / m  

Fo rce  per  unit  length,  N / m  

Funct ion  defined in Eq. (66) 

Lap lace  t r a n s f o r m  at funct ion in t e r m s  of complex 
quant i ty  

Funct ion  in t e r m s  of t ime 

Funct ion  defined in Eq. (67) 

Abbrev ia ted  coeff ic ient  (see Eqs.  (79), (80), and (82)) 

Length of conductive shel l ,  m 
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m 

I 

]. 

m 

t 

J 

J 

K M 

KMD 

J~ 

L 
se l f  

L m u t  

"~ M 
M 

n 

P 

q 

R 

i 

r 

r b 

S b 

E l e c t r i c  c u r r e n t  v e c t o r ,  a m p  

Uni t  v e c t o r  in x d i r e c t i o n  

A r e a  c u r r e n t  d e n s i t y ,  a m p / m  

P r o j e c t i l e  m o m e n t  of i n e r t i a ,  k g - m  2 

Uni t  v e c t o r  in y d i r e c t i o n  

~ Iagne t i c  p o s i t i o n a l  f o r c e  c o n s t a n t ,  N / m  

M a g n e t i c  d a m p i n g  f o r c e  c o n s t a n t ,  N - s e c / m  

F u n c t i o n  de f ined  in Eqs .  (84) and (85) 

Unit  v e c t o r  in z d i r e c t i o n  

Self  i n d u c t a n c e  of c o n d u c t o r ,  h 

Mutua l  i n d u c t a n c e  b e t w e e n  c o n d u c t o r s ,  h 

M o m e n t  a r m  fo r  a e r o d y n a m i c  f o r c e s ,  m 

M o m e n t  a r m  fo r  m a g n e t i c  f o r c e s ,  m 

P r o j e c t i l e ' s  m a s s ,  kg 

N u m b e r  c o r r e s p o n d i n g  i n d e p e n d e n t l y  to the n th c i r c u l a r  
h a r m o n i c ,  n th l i ne  c u r r e n t ,  n th c u r r e n t  s e g m e n t ,  
n th r o o t ,  e tc .  

E d d y  c u r r e n t  p o w e r  p e r  un i t  l eng th  of s h e l l ,  w / m  

D y n a m i c  pressure, N / m  2 

Roots of characteristic equation determined by 

Eqs. (79) or (80) 

Radial position of projectile's axis with respect to 

guideway axis, m 

Unit vector in direction of '~ 

Radial distance from axis of projectile or other 
reference to item or point of interest, m 

Radius of projectile's base, m 

Unit vector in r direction 

Distance from line current to item or point of 

interest, m 

Base area of projectile, m 2 
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S 

4,. 

t 

W 

W 

X 

Y 

z 

Z I 

6 

E 

e 

P 

¢ 

4~ 

¢ 

tO 

Shielding r a t i o  (see Eq. (10)) 

Complex  v a r i a b l e  

Guideway c u r r e n t  segment  length  (see Fig.  1), m 

T ime ,  sec 

Veloc i ty  of p r o j e c t i l e ' s  Cg, m / s e e  

E n e r g y  of eddy c u r r e n t s  d i s s ipa ted  p e r  unit  length  
of shel l ,  J / m  

E n e r g y  s to red  a n d / o r  d i s s ipa ted  in guideway, J 

Th ickness  of copper  she l l  (see  Fig.  20), m 

C a r t e s i a n  coord ina te ,  m 

C a r t e s i a n  coord ina te ,  m 

D i s p e r s i o n  of p r o j e c t i l e ' s  Cg f rom z axis ,  m 

C a r t e s i a n  a n d / o r  po la r  coord ina te  (coincident  with 
the range  and guideway axis) ,  m 

Offset  z axis  (see Fig.  7), m 

Angle of a t tack,  r ad  

Angular  pos i t ion  of shel l  r e f e r e n c e d  to x axis ,  rad  

Unit vec to r  in/3 d i rec t ion  

Angle between V and z axis ,  r ad  

Phase  angle of c i r c u l a r  h a r m o n i c ,  r ad  

Phase  lag  be tween inducing f ield and f ie ld  of eddy 
c u r r e n t s ,  r ag  

Angula r  pos i t ion  r e f e r e n c e d  to an x axis ,  r ad  

P e r m e a b i l i t y ,  h / m  

Volume r e s i s t i v i t y ,  ohm-m;  a lso  dens i ty  of working  
gas ,  k g / m  3 

Area  r e s i s t i v i t y ,  ohm 

Po ten t i a l  of she l l  end su r f ace ,  v 

Angular  pos i t ion  r e f e r e n c e d  to an x axis ,  r ad  

Angular  f requency ,  r a d / s e c  
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SU BSC R I PTS 

N u m e r i c a l s  - 

D 

BF 

GW 

i 

M 

MD 

M~ 

MD~ 

MD3 

n 

n ! 

o 

P 

i 

~R V 

T 

TF 

Z 

~3 

Independently i den t i f i e s  line c u r r e n t s ,  a b b r e v i a t e d  
c o e f f i c i e n t s  in Eq. (81), e tc .  

D a m p i n g  f i e ld ,  c u r r e n t s ,  f o r c e s ,  e tc .  

B a s i c  gu ideway  f i e ld  ( s ee  Fig .  1) 

Gu ideway  

Induc ing  f i e ld  of gu ideway  c u r r e n t s  or  o t h e r  s o u r c e s  

Magne t i c  (pos i t iona l )  

Magne t i c  d a m p i n g  

Radia l  M 

A n g u l a r  M 

Rad ia l  MD 

A n g u l a r  MD 

I n d e p e n d e n t l y  r e f e r s  to n th c i r c u l a r  h a r m o n i c ,  n th 
l ine  c u r r e n t ,  n th s e g m e n t ,  n th roo t ,  e tc .  

A s s o c i a t e d  wi th  i m a g e  of I n 

I n d e p e n d e n t l y  r e f e r s  to cond i t i ons  of f r e e  space  o r  
in i t i a l  f l ight  cond i t i ons  

P o s i t i o n a l  f i e ld ,  c u r r e n t s ,  f o r c e s ,  e tc .  

Rad ia l  

Radia l  m e c h a n i c a l  

Rad ia l  v e l o c i t y  

Tota l  

T r a n s p o s e d  f i e ld  ( s e e  F ig .  3) 

C o m p o n e n t  in z d i r e c t i o n  

A n g u l a r  c o m p o n e n t  
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SUPERSCRIPTS 

I n d e p e n d e n t l y  i m p l i e s  f i e ld  of induced  eddy  c u r r e n t s ,  
i m a g e  c u r r e n t  fo r  e q u i v a l e n t  e x t e r i o r  f ie ld ,  and an 
of fse t  s y s t e m  of p o l a r  c o o r d i n a t e s ,  or  if c e n t e r e d  o v e r  
v a r i a b l e  i m p l i e s  f i r s t - t i m e  d e r i v a t i v e  

I m a g e  c u r r e n t  for  equ iva l en t  i n t e r i o r  f ie ld ,  o r  if 
c e n t e r e d  o v e r  v a r i a b l e  i m p l i e s  s e c o n d - t i m e  d e r i v a t i v e  
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